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paper^.^r^mparinp  theory  and  experiment  for  sliort-circuitcd  Cef fcctivelv  infinite), 
op^-ended  (finite)  and  terminated  (Beverape)  antenr.as  over  fresh  and  salt  water. 

similar  study  of  the  circuit  properties  of  coupled  narallel  horizontal- 
wire  antennas  above  an  electrically  dense  dissipative  half-space  is  then  report- 
ed. nKITie  complex  wave  number,  distribution  of  current  and  admittance  of  the  an-  I 
tenitlpfc  are  determined  theoreticallv  for  svmmietrical  and  antisvmmetrical  excira-  i 
tions.\^  The  theory  is  peneralized,  as  for  the  sincle  horizontal  antenna,  to  race  ' 
account  of  radiation  into  the  air  throuph  a complex  terminal  function  and  so  en- 
larpe  its  ranpe  of  validity  while  presorvinp  the  transmission-line  '^om.  Tb.is 
function  is  determined  from  a least-squares  fit  of  the  measured  and  theoretical 
current  distributions.  Current  measurements  were  m.ade  on  coupled  hori.zontal  an- 
tennas, driven  in  zero-phase  and  f 1 rst --ik.ase  sequf..  ■ es , for  six  different  an- 
tenna separations  and  three  different  eiphts  above  fresh-  and  salt-water  solu- 
tions. Tlie  antennas  were  either  open-ended  or  teminateo  in  a Lumped  resistor 
and  a quarter-wave  extension  of  the  antenna  to  produce  travel inp-wave  distribu- 
tions of  current.  C.ood  apreement  is  displayed  between  theoretical  and  measuven 
currents  on  the  open-ended  antenr.as  and  letween  theoretical  and  measured,  values 
of  the  terminal  function  for  the  terminated,  modified.  Beverare  antennas.  The 
section  on  the  two-element  Beverape  arrav  roncludcs  with  a brief  discussion  of 
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Tables  of  the  currents  mtasurod  on  one  clement  rf  a two-elemert  collinear  arrav 
of  Beverape  antennas  over  fresh-  and  salt-wati-r  solutions  when  driven  symmetri- 
cally and  antlsymmetricallv  are  providei!.  Tb.ey  are  seen  t..  "oe  lil.e  those  on 
the  same  element  when  isolateii. 


. '■ir  *• 


evaluation 


This  Final  Report  summarizes  the  work  on  single  and  two  element 
Beverage  antennas.  The  intent  of  the  effort  was  to  develop  and 
experimentally  verify  an  expression  for  the  current  along  a single 
Beverag.  antenna  that  would  completely  characterize  the  structure  over 
a variety  of  ground  parameters  and  antenna  heights  typical  of  those 
encountered  in  OTH  radar  systems  Measurements  on  arrays  of  two 
Beverage  artennas  in  the  parallel  and  endfire  geometries  over  the 
heights  and  ground  parameter?  of  the  single  element  case  showed  that 
interelement  effects  are  of  little  concern.  A current  expression  ior 
these  arrays  was  also  developed  and  checked  against  the  meai^urements . 

The  study  provides  the  basic  information  on  Beverage  antenna,  from  which 
system;  parameters  such  as  gain,  f ront-to-back  ratio  etc.  can  be  developed. 


*<J0HN  McILVENNA 
Project  Engineer 
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I.  Introduction 


The  originally  developed  theorv  of  the  horizontal-wire  antenna  involved 
the  implicit  assumption  that  radiation  into  the  air  is  nepliplble  compared 
with  the  power  transfer  into  the  imperfectlv  conducting  or  dielectric  half- 
space (earth).  This  is  a good  approximation  wlien  the  antenna  is  quite  close 
to  the  earth  (d/A^  < 0.02).  In  order  to  generalize  the  theory  to  higher  an- 
tennas, account  must  he  taken  of  radiation  into  the  air.  Since  tliis  ctianges 
the  current  from  the  simple  transmission-line  form  to  the  much  more  compli- 
cated distribution  characteristic  of  an  isolated  antenna  as  the  height  is  in- 
creased, a rigorous  solution  of  the  problem  is  difficult.  Fortunately,  the 
transmission-line  form  is  a reasonable  approximation  for  licights  up  to  at 
least  a quarter  wavelength  and  the  effect  of  radiation  into  the  air  can  be 
treated  approximatelv  as  a property  of  the  open  end  in  the  shape  of  a lumped 
terminating  impedance.  This  generalization  and  its  experimental  verification 
is  described  in  Section  II . 

A theorv  of  coupled  parallel  horizontal-wire  antennas  is  derived  and 
confirmed  experimental! v in  Section  III.  The  theorv  is  approximate  in  the 
same  sense  as  the  earlier  theorv  of  the  single  horizontal-wire  antenna  in 
that  radiation  into  tlie  air  is  neglected  and  a limitation  to  small  heights 
is  imposed.  This  restriction  is  then  modified  Iiv  the  introduction  of  suit- 
al)ly  defined  terminal  impedances  to  take  account  of  radiation  into  the  air 
as  an  end  effect.  The  numerical  values  of  the  terminal  functions  are  deter- 
mined from  comparisons  of  measured  and  tlieoretical  current  distributions. 
Section  III  concludes  with  a brief  description  of  measurements  made  on  two 
coupled  collinear  Beverage  antennas  placed  over  fresli-  and  salt-water  solu- 
tions. The  results  show  that  the  coupling  between  the  elements  is  general Iv 
negligible . 

Finally,  in  Section  IV  a list  has  been  prepared  of  tlie  Scientific  Re- 
ports, published  papers  and  papers  presented  at  Scientific  Meetings  that 
have  been  supported  by  RADf/FTFR  Contract  FlRb2R-7h-r-nn57. 


t-  


II.  Tlio  Sinple-Uire  Rcverap.c  Antenna 


A.  Circuit  Properties 

The  results  of  a theoretical  and  experimental  study  of  the  circuit  prop- 
erties of  sinple-wire  antennas  placed  horizontallv  above  an  imperfectlv  con- 
ducting half-space  have  been  reported  ["The  Beverage  Wave  Antenna:  Currents, 
Charges  and  Admittances.  I.  Theoretical  Analysis;  experimental  Equipment  and 
System  Calibration.  II.  Experimental  Measurements,"  Scientific  Report  Mo.  1^ 
(Vols.  I and  II),  RADC/ETER  Contract  F19628-76-C-0057 , by  R.  M.  Sorbello]. 
Tills  investigation  pave  particular  emphasis  to  the  Beverage  wave  antenna,  a 
special  type  of  horizon tal-i^ire  antenna  placed  in  close  proximity  to  tlie 
earth  and  reslstively  terminated  at  each  end.  Earlier  work  has  generally  as- 
sumed a free-space  wave  number  on  the  wire,  thus  neglecting  the  effect  of  the 
half-space.  The  present  study  has  carefully  investigated  experlmentallv  the 
effect  of  the  half-space  on  the  circuit  properties  (current,  charge  and  input 
admittance)  of  the  antenna  and  has  included  this  effect  in  all  theories  dis- 
cussed. A brief  summary  of  the  theoretical  developments  and  experimental  re- 
sults contained  in  Scientific  Report  No.  1 follows. 

To  begin  with,  the  conventional  design  of  the  Beverage  wave  antenna  was 
modified  in  Section  1.5  to  eliminate  the  manv  difficulties  encountered  when 
the  proper  ground  conditions  cannot  he  achieved.  It  was  necessary  to  devise 
a driving  metliod  which  would  avoid  making  physical  contact  with  the  ground. 
This  was  accomplished  by  loading  tlie  wire  both  with  a resistor  and  a quarter- 
wavelengtli-long  section  of  transmission  line.  The  proper  resistor  is  ctiosen 
to  obtain  a matclied  condition  on  the  line.  The  quarter-wavelenptli  section 
transforms  bad.  to  the  resistor  as  a high  reactance  or  short  circuit  and  re- 
presents a pseudo-ground  connection  at  that  point.  This  design  avoids  the 
problems  of  the  original  grounding  system  and  possesses  all  the  desired  prop- 
erties of  the  conventional  Beverage  antenna. 

The  modified  Beverage  antenna  vns  tlien  analyzed  in  Section  1.6  by  simplv 
extending  the  tlieory  of  King,  Uu  and  Slien,  summarized  in  Section  1.2,  for  the 
unloaded  horizontal  wire  over  an  interface  to  cover  the  case  of  loaded  wires 
as  well.  Standard  transmission-line  tecliniques  were  employed  to  obtain  the 
current  distribution  on  an  asymmetricallv  driven,  doublv  loadcfi  horizontal- 
wire  antenna  over  a dissipative  medium  for  the  general  case  with  any  combina- 


Lion  of  lenRtlis  and  values  of  loads.  The  special  cases  of  synmetrically  and 
asvnmetricallv  driven,  modified  Beverape  antennas  with  7..  7..  = 7.  and  £_  = 

X J C X 

I,  = X, /4  are  then  treated  in  Section  1.7. 

H L 


The  construction  and  operation  of  the  experimental  equipment  are  dealt 
with  in  Part  II  of  Scientific  Report  No.  1 (Vol.  I).  It  bepins  with  a sec- 
tion on  the  scale  modelinp  of  the  electrical  properties  of  a dissipative  med- 
ium. The  criteria  involved  in  selectinp  an  operatlnp  frequency  of  300  MHz 
are  then  discussed  in  Section  2.2.  These  include  1)  keepinp  the  electric'.’ 
radius  of  the  wire  a small  fraction  of  a wavelenpth,  2)  allowinr  ihe  lenptli 
of  the  antenna  to  vary  by  several  wavelenpths,  3)  assurlnp  tlie  dimensions  of 
the  tank  will  approximate  an  infinite  half-space,  4)  and  keepinp  the  smallest 
antenna  heipht  above  the  half-space,  e.p.,  .OIX^^,  larpe  enouph  to  maintain 
constant  spacinp  over  the  length  of  the  wire.  Separate  apparatus  for  meas- 
urements over  water  and  over  earth  are  described.  The  different  equipment 
and  techniques  used  to  measure  the  electrical  properties  of  water  and  of 
earth  are  presented  in  Sections  2.5  and  2.6,  respectively.  F.rror  estimates 
are  given  of  the  effects  of  the  finite  size  of  the  tank  and  the  accuracy  of 
the  measuring  probes.  Finally,  the  metliods  of  calibrating  the  impedance, 
current  and  charge  measurements  are  discussed  in  Section  2.8. 

The  measured  distributions  of  current  and  charge  and  measured  input  ad- 
mittances are  presented  in  extensive  graphs  and  tables  in  Part  III  of  Scien- 
tific Report  No.  1 (Vol.  II).  Current  and  charge  measurements  were  made  on 
unloaded  horizontal-wire  antennas  and  on  modified  Beverage  wave  antennas  of 
length  b/Xjj  = .5,  1.0  and  1.5  at  heights  of  d/X^  = .01,  .02,  .05,  .1  and  .25 
above  three  different  media  - fresh  water  (e^  = 82 , o = .092  mho/m),  salt 
water  (e^  = 81,  a = 3.9  mhos/m)  and  moist  earth  (e^  = 11. A,  o = .0022  mho/m). 
Tlie  closest  height  for  all  moist-earth  measurements  was  d/X^  = .02.  Admit- 
tance measurements  for  the  horizontal-wire  antennas  were  made  for  lengths 
ranging  from  h/X^  = .013  to  1.5.  Only  four  lengths,  *Ij/Xq  = .25,  .5,  1.0  and 
1.5,  were  used  when  taking  admittance  measurements  on  the  modified  Beverage 
antennas  since  the  input  admittance  remains  practically  constant  for  increas- 
ing antenna  lengths. 

The  measured  data  were  normalized  in  most  cases  to  the  accompanying 
theoretical  curve  at  z/h  = .2  or  to  a smooth  part  of  the  curve  in  the  immed- 
iate vicinity  of  this  point.  Discrepancies  between  the  experimental  results 


•r 


and  the  zeroth-order  theory  of  Kinp,  Wu  and  Shen  were  observed  in  a larpe 
number  of  cases.  For  ttie  moist-earth  measiiroments  (where  the  agreement  was 
poorest),  these  variations  could  be  attributed  in  part  to  the  violation  of 
condition  (1.3b),  viz.,  !k.,|  >>  For  the  fresli-  and  salt-water  measure- 

ments, tlie  fact  that  the  discrepancies  became  more  pronounced  as  d/A^  was  in- 
creased above  .02  led  to  the  conclusion  that  tlie  spaclnp  was  too  preat  to  sus- 
tain the  transmission-1 ine-1 ike  form  of  current  predicted  bv  the  zerotti-order 
theory  and  that,  instead,  the  antenna  behavior  was  approachlnp  that  of  an  an- 
tenna in  free  space.  Fnd  effects  v;ere  also  believed  to  account  for  some  of 
the  disapreement  found  witli  all  three  media.  (This  initial  assessment  was 
later  chanped  and  end  effects  were  stiown  to  be  the  major  source  of  the  dis- 
apreenent.  The  final  theoretical  formulation  wiiich  Includes  end  effects  is 
described  later  under  Subheadinp  ('.).  A semi-empirical  approach  was  developed 
to  overcome  the  sipnif leant  deviations  existinp  between  experimental  and  the- 
oretical results.  The  zeroth-order  form\i1as  for  the  current,  charpe  and  ad- 
mittance were  used  with  the  thcorcticallv  predicted  wave  number  replaced  by 
a measured  effective  value,  defined  ns  tlie  v.’ave  number  observed  on  the  un- 
loaded dipole  antenna.  Tliis  approach  produced  pood  aprcer.ent  with  the  exper- 
imental data  for  the  distributions  of  current  and  charge,  poorer  apreement 
for  the  admittance. 

In  Part  111  (Vol.  II)  of  Scientific  Reiiort  bo.  1 the  experimental  data 
are  compared  with  the  Kinp,  Wu  and  Shen  theory  for  small  values  o<"  d/A^^  (=  .0] 
and  .02)  - i.e.,  where  these  aeree  x.'cll  - and  with  both  tb.e  semi-empirical  ap- 
proach and  the  theorv  for  the  larper  values  of  d/A^  - where  theorv  and  experi- 
ment no  lonper  correspond.  For  fresh-  and  salt-water  measurements  on  unloaded 
horizontal  antennas,  noticeable  disapreement  betweet.  tlieorv  and  experiment 
first  appears  at  d/A^^  = .05  and  .1  and  is  mainly  confined  to  the  attenuation 
. Tlie  apreement  between  the  semi-empirical  approach  and  experiment  for 
d/A^^  = .05  and  .1  is  pood  except  for  tlie  admittance  near  first  resonance. 

The  scml-empirical  approach  provides  onlv  an  approximate  representation  of 
the  current  and  charpe  for  d/A^,  = .25,  and  even  poorer  apreement  for  the  ad- 
mittance. A look  at  the  results  for  modified  Reverame  wave  antennas  over 
fresh  or  salt  water  shows  overall  better  apreement  between  cxperim.ent  and 
both  the  purelv  theoretical  values  (fairlv  pood  up  to  d/'^^  = .1)  and  those 
obtained  uslnp  the  measured  effective  wave  numbers  (poo<;  apreement  ven  ‘ot 
d/A^j  = .25  except  for  t!ie  admittance). 


Kinp.'s  theory  does  not  compare  well  with  experimental  data  for  any  of 
the  antenna  heights  studied  wlien  moist  earth  is  tlie  dissipative  medium  be- 
cause |k.,l  >>  jkj^l  is  not  strictly  true  and  also  because  of  end  effects.  Ttie 
semi-empirical  approach  also  shows  jioorer  agreement  for  the  moist-earth  meas- 
urements than  for  those  over  fresh  or  salt  water.  It  rives  satisfactory  apree- 
ment  for  the  current  and  charpe  distributions  on  unloaded  liorizontal  wires  .at 
heiplits  up  to  ~ .If  '.fhile  ttie  admittance  is  poor  at  d/X^^  = .1  especially 

in  the  Second  and  third  resonances.  On  the  other  hand,  tiie  semi-empj.rical 
approach  does  apree  well  with  experiment  for  the  distribution  of  current  .and 
charpe  on  modified  Beverape  antennas  at  heiphts  up  to  and  inc'u'liu-  d'-  = 

.2‘j  over  moist  earth.  The  admittance  of  these  modified  Bevera<>(-  ..r.ti'nnas 
shows  variations  in  tlie  susceptance  at  all  heiplits  preater  than  = .02. 

It  is  interestinp  to  note  that,  althouph  |1^!  > ik^!  *^or  moist  eartl;  at  TOO 
MHp.  , at  much  lower  fretiuencies  for  which  p^  = o/uif  becomes  increasir.clv 
larper  .and  the  earth  acts  more  like  a conductor,  the  condition  |k.,  >> 

can  be  obtained  for  moist  earth,  I'nder  these  conditions,  one  can  expect  tliat 
King's  theory  will  iiold  in  a m.anner  annlopous  to  the  water  cases. 

B.  Radiation  field  Patterns 

The  results  of  a theoretical  and  experimental  investipation  of  the 
transmitting  .and  receiving  properties  (far-fleld  radiation  patterns)  of  hori- 
zontal-wire antennas  placed  over  an  Imperfectly  conductinp  half-space  have 
been  reported  ["The  Bever.ape  Wave  Antenna:  Radiation  Field  Patterns,"  Scien- 
tific Report  No.  2,  PvAnC/ETER  Contract  F1962fi-70-C-0057 , hv  R.  M.  Sorbello]. 
Particular  attention  is  given  in  this  report  to  the  Beverage  wave  antenna. 

Early  work  by  Sommerfeld  showed  that  the  radiation  from  a dipole  above  an 
imperfect  earth  could  be  separated  into  a space  wave  (which  could  reflect  off 
Che  ionosphere  and  which  predominates  at  large  dist,ances  above  the  earth)  and 
a surface  wave  (which  could  diffract  around  the  curvature  of  the  earth  and 
which  dominates  close  to  the  surface).  Because  of  tlie  difficulties  involved 
in  solving  the  Sommerfcld  integral  formulation,  asymptotic  approximations 
valid  in  the  radiation  zone  have  generally  been  employed  to  solve  this  prob- 
lem. Tlie  useful  approximate  forms  developed  earlier  by  Norton  have  been  used 
in  this  study,  the  onlv  difference  being  that  in  the  present  analysis  the 
exact  expressions  for  the  antenn.i  current  are  used  rather  than  an  assumed 
current  distribution.  An  expression  for  the  space-wave  radiation  pattern  is 


St. 


fornulatecl  usinf  a "reor’et  r ic  optics"  approximation,  while  the  superposition 
principle  is  useil  to  sum  the  fields  of  individual  inf initesima]  dipoles  to 
obtain  the  surface-wave  r.adiatlon  pattern.  Fxpresslons  for  a number  of  use- 
ful antenna  i)aramoters  (efficiencv,  f ror.t-to-1  acl  ratio,  antenna  pain,  and 
effective  lenpth)  are  then  derived. 

A series  of  experimental  measurepents  were  made  both  to  verifv  the  ac- 
curacy of  the  approximate  theoretical  formulation  and  to  verify  that  the  asvm- 
metricallv  driven,  modified  Reverape  antenna  can  le  used  to  obtain  unit'irec- 
tlonal  surface-wave  and  space-wave  radiation  patterns  that  are  enulvalent  to 
those  of  the  conventional  lleveraee  antenna.  Measurements  were  made  of  the 
vertical  component  of  the  surface  wave  (the  major  field  component  in  tlie 
radiation  zone)  of  modified  Reverape  antennas,  in  lenpth,  placed  at 

heichts  ranplnp  from  d/A,.  = .01  to  d/A,,  = .25  over  fresh  water  (r.  = 81  , a = 

0 0 r 

.062  mho/m)  and  dry  earth  (c^  = 4.3,  o = .0013  mho/m).  "^he  operatinp  fre- 
quency of  144.06  Ml’z  used  in  the  experimental  model  corresponds  bv  a scale 
factor  of  5 to  a full-scale  frequency  of  30  MI'z.  descriptions  are  piven  of 
Che  experimental  apparatus  includinp  the  special  polvfoam  support  structure 
and  balun  required  in  order  to  drive  asvmmetricallv  the  modified  Reverape  an- 
tenna over  both  earth  and  water. 

The  abilitv  of  the  modified  Reverape  antenna  to  launch  a unidirectional 
surface-wave  radiation  pattern  is  clcarlv  evident.  In  use  over  both  fresh 
water  and  dry  earth,  f ront-to-bacl;  ratios  of  20  dR  can  be  obtained.  the  main 
radiation  lobe  is  quite  broad  with  lialf-power  beamwldchs  of  about  80°.  Al- 
thouph  no  measurements  were  made  to  confirm  tliis  fact,  unidirectional  char- 
acteristics should  also  bo  exhibited  in  the  space-wave  radiation  pattern. 

The  conclusion  is  reached  that  modified  Reverape  antennas  should  be  excellent 
elements  in  hiphly  directive  broadside  arrays.  Measurements  made  to  deter- 
mine the  effect  of  the  antenna  spaclnp  and  the  properties  of  the  half-space 
on  the  radiation  patterns  indicate  1)  that  when  properlv  matched  the  vertical 
surface-wave  pattern  appears  to  be  falrlv  insensitive  to  chanpes  in  heiplit  in 
tlie  .01  < d/Aj^  < .1  ranpe  and  2)  that  for  d/l^^  = .25  a sipnificant  loss  in 
directivity  is  noticed  alonp  with  clianpes  in  the  shape  of  tlie  pattern  at 
^ = 0”.  These  seem  to  be  attributable  to  the  c.hanpinp  nature  of  the  antenna 
current  distribution  from  one  that  is  predominant Iv  transmisslon-1 ine-like  to 
one  more  characteristic  of  an  antenna  in  free  space. 


C,  Theoretical  Refiiienents 

As  indicated  earlier  in  the  discussion  of  tlie  circuit  properties,  the 
use  of  a neasured  effective  wave  nunber  did  not  provide  as  satisfactorv  or 
complete  an  exi'lanation  of  tiie  discrepancies  )'etv;een  tlie  measured  and  purelv 
theoretical  results  as  had  been  tioped.  A number  of  theoretical  and  experi- 
mental investipat ions  were  )ierforned  consequentlv  to  resolve  this  problem. 
These  are  described  in  Section  1.8  of  Scientific  Report  TIo.  1 (Vol.  I).  A 
summ.ary  of  the  m.ajor  developments  follows. 

A closer  examination  of  the  problem  by  Professor  T.  T.  Wu  led  to  the 
postulate  that  as  lonp  as  h/d  remains  larpe,  the  transmission-line  form  of 
the  current  will  be  valid  and  tlie  theoretical  expression  (1.7)  v'ill  pive  the 
correct  wave  number.  If  true,  this  would  replace  the  more  restrictive  condi- 
tion on  d piven  in  (1.3c)  and  v;ould  sup, pest  that  the  observed  discrepancies 
are  not  due  to  d/X^  belnp  too  larpe.  An  experimental  procedure  was  developed 
to  verify  this  postulate.  In  order  to  eliminate  all  influence  of  end  effects, 
the  decision  was  made  to  use  short-circuit  terminations  since  the  imapinp  ef- 
fect of  the  short  circuit,  whereby  the  antenna  appears  to  be  doubled  in 
lenpth,  provides  a termination  with  almost  ideal  characteristics.  With  open- 
ended  antennas  this  could  be  accomplished  only  if  the  wire  were  infinitely 
lonp.  The  measurements  were  made  on  terminated  antennas,  1-5X^  in  lenpth, 
placed  over  a fresh-\;ater  solution  (c^  = 82 , a = ,0P2  mho/m).  The  short- 
circuit  termination  was  made  out  of  a larpe  4'  by  4'  aluminvim  sheet.  The 
cumulative  effect  of  the  two  imape  planes,  the  one  apainst  which  the  antenna 
is  driven  and  the  terminatinp  plane,  is  to  create  a successive  series  of 
imapes  that  gives  the  appearance  of  an  infinitely  lonp  antenna.  If  Wu's 
postulate  is  correct,  the  measured  wave  numbers  should  apree  with  the  theor- 
etical results  obtained  from  (1.7).  The  agreement  is  found  to  be  excellent 
with  less  than  a 5%  error  occurring  for  spacinps  up  to  <i/X^  = .25.  Addition- 
al measurements  made  on  finite  antennas  indicate  that  for  values  of  h/d  ^ 10 
it  is  possible  to  use  King's  theory  and  have  (1.7)  give  the  correct  wave 
number. 

It  follows  from  these  measurements  that  end  effects  are  indeed  the  pri- 
mary cause  of  the  disagreement  originally  found  between  the  theoretical  and 
experimental  values  of  current,  charge  and  admittance  for  loaded  and  unloaded 
horizontal-wire  antennas  over  an  imperfectly  conducting  half-space.  In  fact, 
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it  can  be  shown  that  these  end  effects  are  related  to  the  actual  radiatinp 
mechanism  of  the  antenna.  In  Kinp's  original  theory  the  wave  number  for  the 
antenna  was  derived  with  the  assumption  that  radiation  into  the  air  is  nepli- 
pible  compared  to  radiation  into  tlie  dissipative  medium.  When  d/A^  becomes 
sufficiently  large  and  the  Influence  of  the  half-space  begins  to  diminish, 
the  antenna  can  begin  to  radiate  a significant  amount  of  energy  into  the  air. 
This  added  loss  can  be  observed  in  the  measured  effective  vdiich  is  larger 
than  that  predicted  by  theory  for  d/X^  > .05.  Because  an  analytical  solution 
promised  to  be  too  complex,  the  following  experimental  approach  was  developed 


For  d/Xy  nor  too  great,  the  loss  associated  with  radiation  into  tb.e  air 
can  be  accounted  for  bv  a complex  terminating  impedance  7^,  the  real  part  of 
which  is  the  resistance  associated  with  radiation  into  the  air  while  the  im- 
aginary part  is  the  reactance  associated  with  the  canacitive  end  effect  at 
the  open  end.  The  original  theoretical  formulas  for  the  current,  charge  and 

admittance  were  modified  to  include  the  complex  terminal  ^unction  ? ■= 

-1  ^ 

0 - il>  = coth  (7.  /?.  ) . A computer  program,  to  determine  ° from,  a least- 

squares  fit  of  the  measured  and  theoretical  current  distributions  T;as  then 

developed.  With  the  p and  'J  values  determined  numerically  from  the  mcas- 

s s 

ured  data,  the  new  semi-empirical  theory  was  compared  to  several  cases  of 
previously  measured  data  for  all  three  media.  In  all  cases  onlv  the  theoret- 
ical values  for  given  by  (1.7)  were  used.  For  the  ^resb-  and  salt-water 
measurements  the  agreement  is  very  good.  At  the  driving-point  there  is  some 
variation  which  tends  to  increase  witli  d/X^.  This  is  to  be  expected  since 
the  semi-empirical  theory  does  not  Include  anv  corrections  for  -iunction  ef- 
fects. Disagreement  also  occurs  in  tlie  adm.lttance  curves  \;lien  d/X^^  = .25;  it 
appears  that  at  this  height  a higher-order  tbenrv  is  necessary  for  the  admit- 
tance. Finally,  for  the  moist-..arth  measurements  a correction  term  to  (1.7) 
remains  to  be  developed  which  would  provide  theoretical  wave  numbers  in 
agreement  with  measurements.  Once  an  accurate  analytic  expression  for  the 
wave  numbers  is  known,  the  new  serl-emplrical  theory  should  ^^e  applicable 
for  .02  < d/Xy  < .25  even  wlien  condition  (1.3b)  is  not  strlctlv  satisfied. 

Ttie  usefulness  of  the  terminal  function  in  extending  the  theory  to  great- 
er antenna  heights  is  demonstrated  in  tiie  following  paper  wbicli  compares  tlie- 
orv  and  experiment  for  short-circuited  (effectively  infinite) , open-ended 
(finite)  and  terminated  (Beverage)  antennas  over  fresh  and  salt  water. 
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D.  The  Horizontal-Wire  Antenna  Over  a Dissipative  Ha]f-Spaco: 

Generalized  Formula  and  Measurements 

It  is  shown  and  verified  by  experiment  that  a horizontal  resonant  or 
travel in p-wave  antenna  placed  in  air  close  to  a dense  half-space  with  the 
properties  of  lake  or  sea  water  or  earth  behaves  like  a terminated  lossy 
transmission  line.  The  terminal  impedance  is  related  to  the  radiation  of  the 
antenna  into  the  air  and  the  complex  wave  number  and  characteristic  impedance 
are  those  of  an  infinitely  lonp  line.  The  complex  wave  number  takes  account 
of  both  dissipation  in  and  radiation  into  the  dense  half-space. 

1.  The  Inflnitelv  Lonp  Horizontal-Wire  Antenna 

It  has  been  shown  [1]  that  the  Infinitely  lonp  horizontal-wire  antenna 
sketched  in  Fip.  1(a)  behaves  mathematically  like  the  transmission  line  in 
Fip.  1(b)  when,  as  Indicated,  it  is  placed  in  air  close  to  a dense  half-space 
like  a lake,  the  sea,  or  the  surface  of  the  earth  where  this  is  moist.  The 
equivalent  transmission  line  is  characterized  by  a complex  wave  number  k^  = 

- ja^  and  a complex  characteristic  impedance  7^.  Simple  formulas  for  k^^ 
and  are  piven  in  [1,  eqs.  (28)  and  (30)]  subject  to  the  condition 

\^l\  » \^l\  (1) 

where  k^  is  the  complex  wave  number  of  the  dense  half-space  and  k.,  = = u/c 

is  the  real  wave  number  of  air.  A more  general  but  also  considerably  more  in- 

2 2 

volved  formula  for  k^^  which  is  valid  when  jk^/k^l  > A is  plven  in  [2,  eq. 
(10)].  When  (1)  is  satisfied,  radiation  into  the  air  is  nepllplble  and  the 
attenuation  constant  takes  account  of  both  dissipation  in  and  radiation 
into  the  lower  half-space. 

An  infinitely  lonp  horizontal-wire  antenna  can  be  approximated  in  prac- 
tice by  an  antenna  of  finite  lenpth  between  two  sufflclentlv  laree  vertical 
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EARTH,  SEA,  OR  LAKE 
(q) 


(b) 

FIG.  1 (o)  INFINITELY  LONG  HORIZONTAL-WIRE  ANTENNA 

PLACED  IN  AIR  OVER  A DENSE  HALF-SPACE. 

(b)  MATHEMATICALLY  EQUIVALENT,  INFINITELY 
LONG  LOSSY  TRANSMISSION  LINE. 


pround  planes  as  sl'own  in  Fips.  2(a)  and  2(b)  for  two  netliods  of  drivinp. 

With  tlie  imapes  in  the  pround  planes  these  structures  correspond  to  infinite- 
ly lonp,  multiply  driven  and  miltiplv  loaded  antennas.  In  Fip.  3 are  shown 
in  solid  lines  tlie  theoretical  ptiase  constant  and  attenuation  constant 
for  the  current  on  the  horizontal  monopole  shown  in  Fie.  2(h)  at  a heipht  d 
over  water  witli  relative  permittivity  = 82  and  conductivity  o = 0.002  Si/m 
at  f = 30U  Mllz.  With  = 0 in  Fip.  2(h)  the  monopole  was  terminated  in  a 
nearly  perfect  sliort  circuit.  The  correspondinp  measured  values  obtained  .as 
described  in  Section  III  are  shown  in  Fip.  3 bv  small  circles,  "^he  apreenent 
IS  seen  to  be  excellent  over  the  range  0 ^ ^•^5*  ''easuremi.'nrs  were 

also  made  at  d/A^  = 0.25  where  the  theoretical  values  are  Pj/Pq  " aOfi, 
cij /Bq  = O.OObO;  the  correspondinp  neas\ired  values  are  = 1 . OOA , = 

U.U059  with  = Bq  = 2’t  m It  is  seen  tliat  for  horizonta.l -vi  re  antennas 

terminated  in  short  circuits  at  both  ends  (pround  planes  perpendicul ar  to  the 
wire  and  the  dissipative  half-space)  the  transmission-line  form  piven  in  [1] 
yields  excellent  results  for  - iOj  at  least  when  0 < d/A^^  < 0.25. 

The  formula  for  the  current  at  a distance  z from  the  base  of  a monopole 
with  a short-circuited  end  is 

I(z)  = -jVj^  cos[k^(h  - lz;)]/7^  sin(kjh)  (2) 

(For  tlie  dipole  shown  in  Fip.  2(a)  but  with  ~ the  same  formula  .applies 
with  .an  added  factor  2 in  the  denominator.)  Theoretical  praphs  of  the  cur- 
rent I(z)  piven  bv  (2)  and  the  charge  per  unit  length  q(z)  obtained  from  (2) 
with  tlie  equation  of  continuity,  3I(z)/37.  + itoq(z)  = 0,  .are  shown  in  Fips.  4a 
to  4f  for  ci/Ajj  in  the  range  from  0.01  to  0.25;  2ti/Bj^  is  the  wave- 

lenptli  in  air.  Tlie  lenptli  of  the  monopnle  between  the  vortical  pround  planes 
is  h = 1.5Ajj.  The  me.asured  points  in  the  distributions  of  both  current  and 
charge  per  unit  length  are  in  excellent  agreement  with  the  theoretical  curves 
over  the  entire  r.anpe  0.01  < d/A^  < 0.25.  These  praphs  in  conjunction  with 
the  attenuation  and  phase  constants  in  Fip.  3 provide  basic  information  for 
understanding  the  operation  of  the  short-circuited  horizontal-wire  .antenna 
over  a general  medium  - in  this  case,  v;ater  with  = 82  and  a conductivity 
o = 0.092  Si/m  which  is  onlv  slightly  above  that  of  lake  water.  At  f = 300 
MHz  the  loss  tangent  p = a/o'C  = 0.0A7  indicates  that  the  water  behaves  like  a 
very  pood  dielectric. 
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FIG.  3 PHASE  AND  ATTENUATION  CONSTANTS,  TERMINAL  PHASE 
AND  ATTENUATION  FUNCTIONS  FOR  SHORT  AND  OPEN- 
CIRCUITED  HORIZONTAL  MONOPOLE  OVER  FRESH  WATER. 
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FIG.  4a.  CURRENT  AND  CHARGE  DISTRIBUTION  ON  SHORT-CIRCUITFD 
MONOPOLE  OVER  FRESH  WATER;  h/X^^  1.5  AND  d/Xo^.OI. 
a/X^  - 0.0015. 
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FIG.  41).  CURRENT  AND  CHARGE  DISTRIBUTION  ON  SHORT-CIRCUITED 
MONOPOLE  OVER  FRESH  WATER;  h/X^^=1.5  AND  d/Xo  = .02 
a/\,.  = 0.(jni5. 
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CURRENT  AND  CHARGE  DISTRIBUTION  ON  SHORT-CIRCUITED 
MONOPOLE  OVER  FRESH  V'.'ATER;  h/\3  = 1.5  AND  ci/Xo  = .05. 
a/X,^  - 0.0015. 
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b)  CHARGE  DISTRIBUTION 


CURRENT  AND  CHARGE  DISTRIBUTION  ON  SHORT-CIRCUITED 
MONOPOLE  OVER  FRESH  WATER;  h/Xo=1.5  AND  d/Xo=.l  3. 
a/A-  = 0.0015. 


= O.Ol  for  wliich  = 0.147,  the  current  and  cliarpe  per 

Fip.  4a  have  a low  starulinp-wave  ratio  (Sl.'R)  with  a nearlv 


linear  phase  as  a consequence  of  close  couplinp  to  the  adjacent  water  and  the 


transfer  of  mich  power  into  it.  With  d/X|j  = 0.02  and  " O.Ohfi,  the  S'.  K 

is  considerahly  larper.  It  rises  rapidlv  as  d/X^  is  increased  to  0.05  wirli 
= 0.03S>  and  then  to  d/X^  = 0.10  with.  ~ 0.018,  Finally  when  d/X^^ 

= 0.13  and  0.25,  “ 0.013  and  0.000,  the  SWP  is  hiph  - near  30  for  the 

larger  height.  The  distributions  of  current  and  charpe  arc  like  those  on  a 


low-loss  transmission  line  witli  little  power  transferred  to  the  water  and 


radiation  into  the  air  quite  small.  The  rapid  clianpes  in  tlie  distributions 


of  current  and  charge  as  the  heiplit  of  the  wire  is  increased  from  d/X^^  = 0.01 
to  0.05  .and  the  slower  clianpes  as  d/X^  is  furtlicr  Increased  to  0.25  are  a 
consequence  of  the  decreasinp  coupling  between  the  .antenna  and  the  water- 


filled  half-space.  The  effect  of  tlie  proximitv  to  the  water  increases  r.apid- 
Iv  when  d/X^  is  smaller  than  about  0.05  as  seen  in  Fip.  3 in  the  praphs  for 
a^/B^  .and  Since  the  water  is  acting  like  a dielectric,  most  of  the 

power  transferred  to  it  from  the  antenna  is  not  dissipated  locally  in  conduc- 


tion currents  but  transmitted  over  large  distances  as  radiant  energy. 


2.  Horizontal-Wire  Antenna  of  Finite  I.enpth 

Iflien  a center-driven  horizontal-wire  .antenna  of  finite  length  2h  and 
, with  open  ends  is  located  in  air  above  a dense  lialf-space  .as  shown  in  Fip. 

5(a),  radiation  into  the  air  is  negligible  only  when  Ik^dl  <<  1,  i.e.,  the 
height  d is  a very  small  fraction  of  a wavelength  of  the  order  of  d/X^  < 0.05. 
Furthermore,  when  d/X^  > 0.05,  radiation  into  the  air,  unlike  radiation  into 
the  adjacent  dense  half-space,  cannot  he  included  in  tlie  .attenuation  constant 
. as  a distributed  load.  Hov;ever,  if  the  height  d/X^  is  not  too  large,  it  can 

^ be  approximated  by  a terminating  load  7^  across  each  open  end  as  indicated  in 

the  equivalent  transmission-line  circuit  sIiowti  in  Fig.  5(b).  Similar! v,  the 
X equivalent  circuit  for  the  horizontal  monopole  with  open  end  [Fig.  2(b)  with 

ji  ~ ^ ^d  tlie  ground  plane  on  the  right  removed]  is  like  that  in  Pip.  5(b) 

i' 

with  the  transmission-line  section  to  the  left  of  the  generators  replaced  by 


l 


(3) 


EARTH,  SEA,  OR  LAKE 


(a  ) 


V0/2 


(b) 


FIG.  5 (a)  HORiZONTAL-WIRE  ANTENNA  OF  FINITE 
LENGTH  PLACED  IN  AIR  OVER  A DENSE 
HALF- SPACE,  (b)  MATHEMATICALLY 
APPROXn.-'ATELY  EQUIVALENT,  TERMINATED 
LOSSY  TRANSMISSION  LINE. 


(For  the  center-driven  line  in  Fip.  5(b)  the  same  formula  applies  with  an 

added  factor  2 in  the  denominator.)  In  (3)  h is  the  length  of  the  line  and 

0 =0  + j 'f  = cotli  ^(7.  /7.  ) is  the  complex  terminal  function.  The  real 

s s s sc 

p.irt  of  7.  is  the  resistance  associated  with  radiation  into  the  air,  the 

imapinarv  part  is  the  reactance  associated  witli  the  capacitive  end  effect  at 
tlie  open  end.  The  complex  terminal  function  0 for  the  circuit  in  Fig.  5(h) 

has  not  been  determined  analvtical Iv,  but  it  can  be  obtained  by  measurement. 

The  current  along  the  antenna  shown  in  Fig.  5(b)  is  determined  by  six  quanti- 
ties, viz.,  the  real  and  imaginarv  parts  of  the  complex  wave  number  , the 
real  and  imaginarv  parts  of  the  complex  temlnal  function  0^,  and  the  ampli- 
tude and  phase  of  tlie  voltage  V^.  These  six  parareters  can  be  adiusted  to 
yield  a good  matcli  lietween  the  experimental  data  for  the  current  and  the 
theoretical  formula  (3).  (Alternatively,  theoretical  values  of  and  can 
be  used  and  the  other  four  parameters  adjusted  to  obtain  a good  fit.) 

The  values  of  rt,  , B,  , p and  0 obtained  from  the  currents  measured  on  a 
L L’  s s 

horizontal  monopole  with  open  end  over  the  same  water  used  with  the  monopole 
terminated  in  an  ideal  sliort  circuit  are  also  shown  in  Fig.  3.  The  points 
calculated  from  tlie  measured  data  are  shown  by  crosses.  It  is  seen  that  the 
values  of  and  cij  are  in  good  agreement  with  theory  and  with  measurements 
for  the  short-circuited  antenna.  However,  with  the  open  end  the  values  of  p^ 
and  shown  in  Fig.  3 were  also  obtained.  With  a short-circuiting  ground 
plane  at  the  end,  = 0 and  1*^  = ti/2.  Note  that  if  with  the  open  end  radia- 
tion into  the  air  wore  ignored,  the  quantity  aj  = would  appear  as 

the  attenuation  constant.  This  vields  the  dotted  curve  shown  in  Fig.  3 in- 
stead of  that  in  solid  line.  Wlien  d/X^  > 0.05,  the  apparent  attenuation  con- 
stant a'  increases  rapidly  to  values  that  are  much  larger  than  n . A similar 
error  would  be  made  in  if  ~ were  treated  as  the  phase  con- 

stant. It  is  clear,  therefore,  that  when  a horizontal-wire  antenna  has  open 
ends  or  is  terminated  in  any  impedance  other  than  the  ideal  short  circuit 
provided  by  large  ground  planes,  the  more  general  formula  (3)  for  the  current 
must  be  used.  This  reduces  to  (2)  when  0^  - 0,  as  when  d/X^  is  sufficicntlv 
small.  Tvpical  graphs  of  the  currents  on  a resonant  and  a traveling-wave  an- 
tenna are  shown  in  Figs.  f>  and  7,  respectively.  The  antenna  was  l.OX^  in 
length  with  a resistor  and  quarter-wave  section  added  for  the  traveling-wave 
case.  Theorv  and  measurements  are  again  in  excellent  agreement. 
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r.raplis  of  the  theoretical  values  of  and  '*1  infiiiitelv 

lonp,  antenna  and  the  valuers  detemincd  fror  the  r^easured  currents  when  h/l^j  = 

1.5  for  a monopole  witli  open  end  over  salt  v.ater  are  shown  in  t'ic.  H topether 

with  the  associated  terminal  functions  o and  . '’’he  ouantitv  ('i./:-  , 4 

s s I.  0 

p^/fgh)  is  also  shown.  The  arreenenl  for  ''j /f’o  pood  for  the  tnitire  ratipe 
0.01  < d/A^j  < U.15;  the  difference  l)etween  the  theoretical  am!  measured  values 
of  is  near  VZ. 


i.  description  of  the  rxperiment 

Distributions  of  current  and  charee  per  unit  lenpth  were  measured  alonp 
an  antenna  extended  horizontallv  from  a vertical  aluminum  rround  plane  at  a 
hcip.ht  d over  a larpe  tank  filled  with  water  as  sl.etched  in  Fip.  d.  an- 

tenna was  variable  in  lenpth  and  made  of  brass  tubinp  3 mm  in  outside  diam- 
eter. Its  end  was  left  open  for  studvine  a resonant  antenna;  it  was  con- 
nected to  a suitable  resistor  (220,  270  or  330  ohms)  in  scries  with  a quarter- 
wavelength  section  of  brass  tubing  ,o  obtain  a traveling-wave  antenna,  and 
directly  to  a second  vertical  metal  ground  plane  when  a sliort  circuit  was 
needed.  In  order  to  make  reflections  from  the  walls  and  bottom  of  the  tank 
negligibly  small,  sufficient  salt  was  mixed  witli  the  water.  With  c = 0.092 
Si/m  - a value  only  slightlv  higher  than  the  conductivitv  of  some  lakes, 
e.g.,  Mystic  Lake  near  Cambridge,  Mass,  with  a = 0.00  Si/m  - the  tank  behaved 
substantially  like  a dielectric  at  tlie  operating  frequency  f = 300  ‘Olg,  since 
the  loss  tangent  p = o/u>c  = 0.06  7.  ’’ore  salt  was  added  to  make  a = 3.0 
Si/m  for  measurements  over  the  equivalent  of  sea  water.  '’’he  height  d of  the 
antenna  was  varied  over  the  values  d/A^  = 0.01,  0,02,  0.05,  0.1,  0.13  and 
0.25.  Details  of  the  construction  of  the  ground  plane  and  the  water  tank  are 
given  elsewhere  [4]. 


4.  Discussion  of  Results  and  Conclusion 

excellent  agreement  between  the  generalized  transmission-line  formula 
and  measured  data  lias  been  obtained  for  the  antenna  terminated  both  in  a 
ground  plane  and  in  an  open  end.  With  the  former,  radiation  into  the  air  is 
negligible  when  d/A^I  < 0.25  and  li  = 1.5A^,  and  virtuallv  the  entire  transfer 
of  power  is  from  the  antenna  into  the  adiacent  clectricallv  dense  medium 
where  it  propagates  as  outward-traveling  electromagnetic  waves  when  the 
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FIG,  8 


PHASE 


AND  ATTENHAIION  CONSTAi'TS. 


TERMINAL  PHASE  AND  /JTENUATION 


FUNCTIONS  FOR  OPEN-ClRCUiTED  HORIZONTAL 

a/>,.  = 0.0015. 


iCNOPOLE  OVER  SALT  V.'ATER. 


IN  RADIANS  IN  NEPER 


FIG.  9 SIvETC!-!  OF  EXPERIV.EKTAL  SETUi^  SHOV'IMG  V//.TER 
TAinIK,  ground  PLAtNE  AND  ANTENNA. 
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dielectric  properties  of  tlie  medium  dominate  (o/we  <<  1)  and  is  dissipated  by 
local  conduction  currents  when  the  conducting  properties  are  sufficiently 
large  (o/uje  >>  1).  With  the  latter,  a small  but  significant  fraction  of  the 
power  in  the  antenna  is  radiated  into  the  air.  The  relative  importance  of 
the  radiated  power  in  tlie  air  increases  with  it  is  generally  negligible 

when  < 0,05  and  is  adequately  represented  fiy  a terminal  impedance  when 

d/Ag  < 0.15.  When  d/A^  is  sufficiently  large,  the  simple  terminated  trans-  j 

mission-line  form  (3)  for  the  current  ceases  to  be  adequate  and  the  distribu- 
tion characteristic  of  an  isolated  antenna  is  approaclied  [5],  [6].  Tlie 
transition  has  not  been  investigated. 
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III.  Tin'  Tv;o-ri.i>T:nT  m;vi'KACi'  aimv-y 

A t hooro  t icnl  and  experincntal  invost  i rat  inn  of  tl'o  cirniit  nroport  ins 
of  cnui'lnd  hnr  i7.on  ta  I -vi  rt'  antennas  almve  an  (■Irctric.a  1 ] v dense  clissinative 
iial  f-s|iar.e  lias  been  eoni’leted.  Tn  Section  A tbe  tlieorv  developed  for  too 
coupled  parallel  horizontal  antennas  is  nreseptod  and  connared  virh  rea'ure- 
mi’iits  nad(>  on  coip’led  antennas  over  fresh-  and  salt-i’ater  solutions.  inc<' 
tlu-  validitv  of  the  sinple  theoretical  formilas  is  confirmed,  the  orlrinallv 
[ilanued  n'easureTnents  over  an  actual  earth  were  fleenod  unnecessarv.  A hrie*" 
description  of  neasureticnts  nade  on  tv;o  coupled  colline.-r  Peverare  antennas 
then  follw’s  in  Section  P. 


A.  Coupled  Hor izontal-U'ire  Antennas  Over  a Conduc.tinp  nr  Pielectric 
Half-Space 

The  properties  of  two  coupled  hor izon ta 1 -wi re  antennas  over  a horo'’ene- 
ous  isotropic  h.alf-space  are  derived.  The  cop.plex  wave  nurher,  distril'ut  ion 
of  current,  and  atltaittance  of  the  antennas  are  deterrined  for  svrnetrical  and 
an  Li  s vutne  t r i ca  1 cxcitatiom:.  "^he  wave  nunher  of  the  half-space  is  assured  to 
be  lai' t Ml  mapnitude  corpared  with  that  in  air.  The  thoorv  of  the  coupled 
horizontal-wire  antennas  is  extended  to  tale  account  of  radiation  into  the 
air  and  so  onlarpe  its  ranpr  of  valir'irv  wliile  preservinp  the  transnission- 
line  forri.  This  is  accorplished  hv  inrorporattpc  the  effeets  c<f  this  radia- 
tion and  of  the  capacitive  end  correction  for  the  open  end  in  a Inrped  termi- 
nal impedance  which  is  convenicntlv  represented  bv  a complex  terminal  func- 
tion. This  function  is  determined  from  a least-snuares  fit  of  tlie  measured 
and  the  theoretical  current  distributions. 


1.  INTRODUCTION 


In  a recent  paper  (Klnp  et  , 1974]  tlie  -properties  of  a horlxontal- 
wlre  antenna  over  a honopeneous  isotropic  half-rpare  are  determined  v.iicn  the 
complex  wave  number  ciinracteristic  of  tlie  half-space  is  Inrpe  in  ir.aenltude 
compared  with  the  real  wave  number  of  the  air.  These  solutions  are  obtained 
from  those  of  the  eccentrically  insulated  dipole  in  a peneral  medium  [VJu  et 
al.,  1975]  through  a limiting  process.  When  tw'o  center-driven  dipole  anten- 
nas are  placed  parallel  to  one  another  and  to  a conducting  or  dielectric 
half-space  at  the  same  height  d above  it  and  with  a distance  1,  between  t(>en 
as  showTi  in  Fig.  1,  the  currents  and  cl.arges  in  each  antenna  not  only  inter- 
act with  the  induced  currents  and  charges  in  the  dissipative  half-space  but 
also  with  the  currents  and  charges  in  the  other  antenna.  The  exact  calcula- 
tion of  the  Interaction  is  difficult  except  when  the  half-space  is  perfectly 
conducting.  In  this  case,  with  the  help  of  image  theory  the  problem  reduces 
to  that  of  four  identical  parallel  antennas  at  the  corners  of  a rectangle 
with  the  dimensions  2d  and  L.  The  antennas  separated  by  the  distance  2d  are 
driven  by  equal  and  opposite  generators  [Fine,  1956].  When  the  half-space  is 
not  perfectly  conducting,  an  exact  analysis  is  complicated.  However,  if  the 
method  of  solution  in  the  previous  paper  [Wu  e£  , 1975]  is  used  along  with 
a limiting  process  similar  to  tliat  used  in  [Kinm  ct  al . , 1974],  an  approxi- 
mate solution  for  the  currents  in  the  coupled  antennas  can  be  obtainr-d.  The 
same  limitation  on  the  wave  numbers  of  the  media  is  assumed. 

2.  APPROXIMATE  SOLUTION  FOR  THE  CURRllNTS  IN  COITLED  I’ISl’LATED  ANTEh'NAS 

A solution  for  the  current  in  a center-driven,  eccentrically  insulated 
antenna  has  been  obtained  [VJu  £t  al.  , 1975].  A similar  structure  witli  tv.-o 
conductors  in  a circular  cy.l  indrica]  insulation  is  shown  in  Fig.  2.  llie  rad- 
ius of  the  Insulation  is  b,  tliat  of  each  conductor  is  a.  The  axis  of  each 
conductor  is  at  a distance  D from  the  axis  of  the  insulator  or  at  a disti.nce 
d •=  b - D from  its  surface.  The  radii  to  the  axes  of  the  two  conductors  sub- 
tend an  angle  20...  The  wave  number  characteristic  of  the  insulating  material 

^ \n  -1/? 

is  •=  -i  ^~<2  ~ ‘•('••(Ct  -J-  io^/u')]  " = w(;je.,)  The  wave  number  chcrac- 

teristir  of  t lie  n'-bient  i..cdium  in  the  rnnre  b < r < <r  is  k,  = fi,  -f  i.^,  = 

1/2  - 1/2  444 

",  where  in  tb.c  real  phase  constant  and  a, 

the  real  attfiuiation  constant.  It  is  assu-rri  'n  t!ic  analvsls  that  the 
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DISSIPATIVE  MEDIUL1 


FIG.  1 COUPLED  HORIZONTAL  WIRES  OVER  A DISSIPATIVE 
OR  DIELECTRIC  HALF  SPACE. 


FIG.  2 CYLINDRICAL  CONDUCTORS  OF  RADIUS  c 
ECCENTRICALLY  LOCATED  IN  DIELECTRIC 
CYLINDER  OF  RADIUS  b. 


following  conditions  are  satisfied: 


Ik^dl  <<  1 


» k 


2b0Q  > d >>  a 


Let  two  infinitely  lonp,  cojiductors  be  considered  first.  The  electric 
field  on  each  wire  can  he  obtained  fron  a superiiosition  of  1)  t'ne  field  on 
the  wire  due  to  the  current  in  the  wire  itself,  and  2)  the  field  on  the  wire 
due  to  the  current  in  the  second  wire.  Tlic  Fourier  transfom  of  the  first 
electric  field  is  [Wu  et  al.,  1975,  Eq.  (13)]: 


where 


(lTn^/2:tuE2Hk2(l  + Ap/k^bfl^)  - 


2 2 2 

n u-1  , a + b - n , 

n - cosh  ( r— ) 

a 2ab 


H^^^k  b)  o»  Dx_ 

t - -5 y ( __0  ) 

0 rn  ^ - Z.  *■  7 ' 


Dx_  m H^^^(k.b) 
U . Tn  A 


0 (1>  " ^ ^2  d”) 

Hi  m-1  b H^J(k^b) 


? 'y  ^ 9 99  991/0 

Xq  - (l/2D){(b  + D“  - a^)  - [(b  + n~  - a ) - 4b (6) 
The  Fourier  transform  of  the  second  field  is  e£  a^.  , 1975,  Eq.  (7a)]; 

^z?  “ [(-l)”ii/2Tuoe2][(k2  - c^)<f.ir,e)>^  + (k2/k^b)<A(r,P)>^]  , m - 0,  1 

(7) 

where  m ■ 0 applies  when  the  two  wires  are  driven  in  phase  by  equal  voltapes 
(symmetrical  or  ^ero-phase-sequence  excitation)  and  m •=  1 applies  when  the 
two  wires  are  driven  by  equal  voltages  180®  out  of  phase  (antisymmetrical  or 
f Irst-phase-sequcnce  excitation).  <Sl(r,0)>^  and  <A(r,6)>^  are  average  values 
of  n(r,0)  and  A(r,9)  (Wu  et  al. , 1975,  Eqs.  (7b),  (7c)]  evaluated  on  a circle 
of  radius  a,  centered  at  r « D and  0 = 20^.  This  circle  is  denoted  by  C,  and 
the  averages  are  just  equal  to  their  values  at  the  center  of  the  circle,  in 
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this  case  at  r = D,  9 •=  2 0^; 


cos  2r^  4.  t/‘ 

<fi(r,0)>  = fi(n,29  ) - i tn  [ ^— ] 

b‘  (l/'  - 2I)Xq  cos  20q  + x^) 


» Dx  m !'^^k/b) 

<A(r.0)>^  = A(D.20q)  = 2 J (-r)  7ir~T 


The  total  field  on  one  wire  is: 


F + 
zl  z2 

(ii/2nwE-)a4[n^  + (-i)'"n(n,20-)]  - r[n^  + (-i)"q(d,26.)  ] 


+ (k2/k^^b)[AQ  + (-1)"a(D,20j^)]}  , m = 0.  1 


Wl\en  tiie  conductors  are  driven  by  unit  delta-function  roncrators  at  z = 0, 

E = -1  on  the  wire.  The  substitution  of  this  value  in  (10)  yields  the 

^ -(n) 

transforn  of  the  current,  1 (c).  It  is 


i<”ho  - 


-2zi(oc2 

(r  - [iJ"^]^)[o  + (-i)^r.(n,2e^)] 


, T".  = 0,  1 


where  the  phase-sequence  wave  ntinbers  kj*  are  p iven 


= k^d  + 


A^  + (-l)’^'A(n,2f>^) 


(k^b) [n^  + (-1)  o(n,20Q)l 


, m = 0,  3 


The  current  distribution  alonr,  each  of  the  centcr-Hriven  coupled  dipoles  cf 
lenpth  2h  located  as  slio^-ai  in  Fie.  2 in  an  insulatine  reeion  2 v.’liich  is  irr- 
riersed  in  a relatively  dense  repion  4 is  riven  bv  t)ic  transrijssien-lino  for- 


nula: 


, , r.i„  l-do:  - I2') 

iW(,)  ■ a . , , 

27/"^  cosfi,h) 
c ’1 


where  is  tVie  phaso-seqviencc  drivinf’  voltnpo. 


I 


,(ni) 


2rk^ 


ra  = 0 , 1 


(14) 


1 /2 

is  the  phase-sequence  characteristic  impedance,  and  = (U2/C9)  ""  is  tlie 
complex  wave  Impedance  of  repion  2.  For  air  = 120n  ohms,  = m/c,  0 = 
3 X 10^  m/sec. 


Witti  m = 0 in  (12)  and  (14)  , the  two  conductors  arc  driven  in  phase  kv 

equal  emf's,  V = V = and  the  currents  are  identical,  I,  (a)  - 1t(c)  = 

(0)  1 - U 1 ^ 

1 (z).  With  m = 1 in  (12)  and  (14),  the  two  conductors  are  driven  120°  out 

of  phase  by  equal  emf's,  V = -V.  = and  the  currents  are  equal  in  nap- 

nitude  but  oppositely  directed,  I^(z)  = -1^(7.)  = I (z) . k’ote  that  these  re- 
sults are  readily  generalized  to  pive  the  currents  in  a two-v.’ire  line  in  a 
tunnel  of  circular  cross  section  ['■■■'ait , 1975]. 


3.  TlvO  H0ni70WTAL  UTKES  OVER  A HALF-SPACE 

The  solution  obtained  in  the  previous  section  can  now  be  used  to  find 
tlie  properties  of  two  b.orizontal  wires  ove-  a half-space.  The  first  step  is 
to  determine  the  quantities  A^,  0(0,20^)  and  A (H,  2f“|.|)  in  the  limit  b ► “, 

D with  d = (b  - D)  fixed  and  finite.  The  first  two  quantities  are  riven 
in  [ K i n V t a 1 . , 1974  ].  They  are 


0 4 cosh  ^(d/a)  4 f,n(2d/a) 

a 

(15) 

Ay/k^^b  4 2T(2k.^^d,0) 

(H.) 

where  d is  the  distance  from  the  axis  of  tlie  t.’ire  in  air  to  the  plane  bou.nd- 
ary  between  the  air  (repion  2)  and  the  material  half-space  (recion  4).  Also, 
T(A,Ii)  is  piven  by  E<i.  (A13)  in  [Fine  et  , l'>74].  An  equivalent  foiT  is 


T(A,B) 


y ■)  a 

(a'^  + n')- 


K,(A  - in) 

_1 + 

A - in  4 O’.  + iA) 


[Yj  (P.  + iA)  + (P  + lA)  - 2/t;] 
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(The  form  in  Eq.  (A13)  of  [King  et  al..  1974]  is  T(A,B)  - (A^  - B^)/(A^  + B^)^ 

- Kj^(A  - 1B)/(A  - IB)  + iIm[TT/2(A  - lB)][Yj^(B  + lA)  + Ej^(B  + lA)  - 2/r]. 

This  is  equivalent  to  (17)  when  A and  B are  real.  However,  since  the  sum  of 
integrals  which  yield  the  two  equivalent  expressions  for  T(A,B)  when  A and  B 
are  real  is  an  analytic  function,  and  the  form  (17)  is  also  an  analytic  func- 
tion, it  follows  by  analytic  continuation  that  (17)  is  also  valid  for  complex 
values  of  A and  B.  Use  of  this  fact  was  made  by  King  et  al. [1974]  when  Eq. 

(A17)  was  used  to  obtain  the  expression  (28)  for  kj^  in  which  A ■ 2k^d  is  com- 
plex when  k^  is  complex.) 

In  (17)  Kj^(z)  is  the  modified  Bessel  function  of  the  second  kind  and 
Yj^(z)  is  the  Bessel  function  of  the  second  kind,  both  of  order  1.  The  func- 
tion Ej^(z)  is  the  Weber  function  defined  by  the  series 

Ej(z)  - (2/tt)(1  - z^/3  + z*/45  - z^/1575  + z®/99225  - ...)  (18) 

When  this  is  Inserted  in  (17)  and  use  is  made  of  the  relation  Kj^(z)  “ 

-(ir/2)Hj^\lz), 

.2  -2  . h5^^(B  + lA)  , Y,(B  + lA)  Y, (B  - lA) 

. A - B ITT  1 + ^ f 

T^A,b;  - 2 2,2  2 B+IA  4^  B+IA  “ B-IA 

CA  + B ; 

m 

+ ^ I [(B  + lA)^"'^  - (B  - iA)^""^)a  (19) 

n-1 

2 

where  a^^  ■ -1/3  and  a^  ~ -a^  j^/(4n  - 1).  When  B ” 0,  (19)  reduces  to  Eq. 

(A17)  in  [King  et  al. . 1974].  For  large  arguments,  l.e.,  [b  + Ia]  >>  1,  (19) 
is  well  approximated  by 

T(A,B)  4 (A^  - B^)/(A^  + B^)^  - (n/2)^^^(A  - lB)"^^^e~^^  “ [1  + 3/8(A  - IB) 

- 15/128(A  - iB)^  + ...]  - (1/2) [(B  + U)"^  + (B  + iA)"^  - 3(B  + lA)"^ 

+ 45(B  + lA)"^  + ...]  + (1/2)  [(B  - lA)"^  + (B  - lA)"^  - 3(B  - lA)"^ 

+ 45(B  - iA)"^  + ...]  (20) 
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To  evaluate  ^(0,26^)  In  the  Unit  b -*•  •»>,  D “ with  d fixed,  note  that 
Xq  -►  (b  - d)  “ D.  The  distance  L between  the  two  wires  is  related  to  the 
angle  6^  by  L •=  ^bO^.  Since  20^  = L/b  <<  1,  it  follows  that 


cos  26p  & 1 - (20q)^/2  - 1 - L^/2b^ 


(21) 


In  the  limit  b ®, 


b [D  - 2D  (1  - L /2b-)  + D-] 


'V.  1 '’2 

- 4 <^n(l  + ^d  /L  ) 


(22) 


Similarly, 


H^,^^(k,b) 


py^k,b) 


nc  ^ ^ C)  ^ \ ,b  - d , 2m  'r.  ^ . 

A(D,2  6o)  2 1 (—TT—)  -PT^ cos(2me^) 


K;"'(k,b)  m-1 


» - H^^J(k.b) 

lim  (i  + 2 I (1  - d/b)^''“  ^ 


b-^  tr=.: 

lyw 


cos[2(m  - 1)6„]} 
H''-^-'(k,b)  ^ 

IT  U 


k^b 


- lim  U + 2 I (1  - d/b)^’‘  [ 

IT!*  2 

D-w 


2«.”  " 


k,  b 
4 


X COS 


2 1/' 

“ PI  - [n  - (k,b)  ] ' 

[2(m  - 1)0  ] + 2 I (l-d/b)^®[ ] 

k.b 

A 


k^b 


* cos[2(m  - 1)6q]) 


(23) 


where  use  has  been  made  of  the  following  approximations: 

{m  + ir(k^b)^  - n^]^''^}/k^h  , k^b  > m (24) 
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iimliiiiinWMW»*t*a 


H^^hk,b)/H^^\k,b)  -X.  {m  - tn‘  - (k  b)^]^''‘}/k,b  , k.b  < m (25) 

m-1  4 in  A - 4 H ’ 4 

Tlie  sum  in  the  expression  (23)  can  be  converted  into  Integrals  with  the  sub- 
stitutions X •=  m/k^b,  dx  = 1/k^b.  Also, 


(1  - d/b)  " exp(-2nd/h)  = exp(-2xk^d) 


^ ir/i,  K^2  2,1/2 

m + i [ (k^b)  - m ] 


’’  1/2 

= X + id  - y. 


2 T 1 /"’ 

m - [m  - (k.b)  \ , 

U-b = X - (X-  - 1)''‘  (28) 

A 

cos[2(n  - 1)Sq]  = cos[(n  - l)I./b]  = cos[k^L(-j^^  - ) 1 = cos(k^I.x)  (2‘^) 

4 '4 

With  A “ 2k^d,  E = k^L  and  (26)-(29),  it  follows  that  (23)  becomes 
A(D,20|.^)  = 1 + 2k,  b{  / [x  + i(l  - x“)^^^]e  cos  Bx  dx 


+ / [x  - (x‘  - D^^'le  cos  Bx  dx) 

1 


In  the  limit  k^b  -*•  ®,  the  first  tern  vanishes  and  from  Appendix  A of  [ Einn 


et  al.,  1974]  (30)  yields 


A(D,20y)/k^b  = 2T(2k^d,k^L) 


where  T(A,B)  is  given  by  (17), 


The  determination  of  0 , r.(D,2Q_),  A /k.b,  and  A(P,29„)/k,b  is  now  con- 

a 0 04  0 4 

plete.  Substitution  of  these  quantities  given,  respectively,  by  (15),  (22), 
(16)  and  (31)  into  (12)  - (14)  gives  the  wave  number  the  current  dis- 
tribution I^'^^(z)  in  the  antenna,  .and  the  characteristic  impedance  for 

c 


this  structure. 


4.  NUW.RICAL  RESULTS 


The  propagation  constant  given  by  (12)  has  been  calculated  for  a 

pair  of  wires  with  equal  radii  a = 1.5  irau,  excited  by  a source  operating  at 

the  frequency  f = 300  MUz.  The  wires  are  placed  in  air  [so  that  k„  = 

1/2  1/2  . ^ 

wCPpCp)  and  ^2  ^ 120n  ohms  are  both  real]  a distance  d above 

a half-space  with  d/A2  ranging  from  0.025  to  0.13;  ^2  “ 2ir/k2  is  the  wave- 
length in  air.  Tlie  wires  are  separated  by  a distance  L ranging  from  O.IX2 
to  1.2X2. 

Tlie  normalized  complex  wave  number  k5™^/k-  = + in''^Vk-  is  showTi 

L z L 2 L ^ 

in  Fig.  3 for  the  case  when  the  lower  medium  is  fresh  water  characterized  by 

o “ 0.09  Sl/m,  p = p and  c = 81.  Note  that  both  the  real  propagation  con- 
/ \ Ur  > » 

stant  and  the  attenuation  constant  are  sensitive  to  the  spacing  and 

the  relative  phase  of  the  two  currents  on  the  wire.  The  phase  and  attenua- 
tion constants  for  the  first-phase-sequence  or  antisymmetrical  mode  are  al- 
ways smaller  than  those  for  the  zero-phase-sequence  or  symmetrical  mode.  A 
similar  result  has  been  obtained  by  Wait  [1975]  for  a pair  of  wires  placed 
close  to  the  walls  of  a tunnel. 

Tlie  normalized  phase  and  attenuation  constants, 

shown  in  Fig.  4 for  the  case  when  the  lower  medium  is  sea  water  characterized 

fml 

by  a = 4.2  Sl/m,  p = p_  and  £ = 81.  It  is  observed  that  B '^/k.,  is  quite 

comparable  to  the  corresponding  values  for  fresh  water,  whereas  is 

smaller  by  approximately  a factor  2 in  the  presence  of  the  sea  water  than  in 
the  presence  of  the  less  conducting  and  predominantly  dielectric  fresh  water. 
Actually,  for  the  same  current  in  the  wires,  about  twice  the  power  can  be 
transferred  to  the  fresh  water  in  which  it  propagates  outward  as  radiant 
energy  than  to  the  sea  water  in  which  it  is  rapidly  dissipated  as  heat. 

5.  GENERALIZATION  OF  THE  THEORY  TO  GREATER  ANTENNA  HEIGHTS 

The  theory  of  the  horizontal-wire  antenna  [King  et  al. , 1974]  as  derived 
from  the  theory  of  the  eccentrically  Insulated  antenna  [Wu  £it  ^.  , 1975]  im- 
plicitly neglects  radiation  into  the  air  (region  2)  as  compared  with  the 
power  transferred  and  radiated  through  or  dissipated  in  the  earth  (region  4). 
This  is  an  excellent  approximation  when  the  inequality  |k2d|  «r<  1 is  satis- 
fied. For  antennas  with  open  ends  this  condition  is  quantitatively  given  hv 
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SEPARATION  L/\2 

NORMALIZED  COMPLEX  V.'AVE  NUMBERS  kL/l(2 
PJV.2^  \Q^  /V.2  FOR  COUPLED  ANTENNAS 
OVER  LAKE  V.ATER  WITH  cr  = 0.03  Si /m , ^ 81 


, Phase 
^ Sequence 

Heiglit  d/\2 
0.025 

- 

1 

- 0 ,0 

0.078 

- 

I ‘i  0.130  I 

SEPARATION  L/X2 

FIG.  4 NORMALIZED  COMPLEX  WAVE  NUMBER  k|_/k 
/9L/k2  + i a|_/k2  FOR  COUPLED  ANTENNAS 
OVER  SALT  WATER  WITH  cr  = 4.2  Si/m , = 81 


M 


k^d  < 0.3  or  d/X^  < 0.05.  Tho  pre*5ent  forniilaticn  tlie  tlioory  of  coupled 
horir.niiial-wirn  antennas  involves  the  sane  restriction  for  t!ie  same  reason. 


In  a recent  paper  [ Sorhcl  lo  e_t^  el.,  1077]  it  is  siio^m  that  approximate 
account  can  be  taken  of  radiation  into  replon  2 from  a sinple  horizontal-wire 
antenna  by  means  of  a suitablv  defined  temir.atinp  impedance  across  the 
open  ends  of  the  antenna  and  that  when  this  is  dene  the  condition  |k2d|  <<  1 
can  bo  relaxed  to  |k^d|  < 1 or  d/X^  < 0.16.  The  same  peneralizat ion  can  be 
carried  out  for  the  two  coupled  horizontal -wire  antennas.  The  generalized 
form  of  tlie  phase-sequence  currents  in  the  two  antennas  v;hen  center-driven 


with  the  voltapes 


for  the  zero-phase  sequence  or  = -V^  = 


Vq  for  the  first-phase  sequence  is 


_ -1V<">  Slnn;">(h  - |z|)  ^ 

22^"^  cos(k^’^^i  -f  ie^'^^) 
c L s 


m “ 0 , 1 


where 


. m = 0,  1 

s s s sc*  ’ 


is  the  conp]ex  teminnl  function.  Its  real  part  ^ takes  account  of  the 

y \ / \ ^ 

dissipation  in  z''  , its  imapinary  part  involves  the  reactive  part  of 

7.^  . For  open  ends,  o^'  is  a measure  of  the  radiation  into  roj.ion  2,  ' 

corrects  for  the  capacitive  end  effect.  For  short-circuited  ends  (ideally 
infinite  conductinp  planes  perpendicular  to  the  antennas), 

it/2.  With  imapes  the  antennas  are  effectively  infinitely  Icnr  and,  there  is 

CiT' ) 

no  radiation  into  repion  2.  With  terminated  ends  Z consists,  for  example, 

of  a lur.pecl  resistor  in  series  with  a quarter-wave  mono-pole  and  "g  '*  takes 

account  of  dissipation  in  the  resistor  and  radiation  from  tiie  open-ended 

mo'.iopole.  The  terminal  functions  p^  and  for  both  phase  sequences  ,-,re 

closely  related  to  the  complex  reflection  coefficient  ^ = 'f  lexp(-i-,  ) at 

s s ' ' s 

the  ends  of  the  antenna.  Specifically.  If  ! = exp(-2p  ) and  C = -2<i  . 

’ s s s s 

It  is  shov-m  in  [Sorhcl  1 o et  al . , 1977]  that  tlie  theoretical  values  of 
the  complex  wave  number  k^  = + ia^  are  in  excellent  arrerm7'nt  Vv'i  th  meas- 

ured values  for  tlie  siriple  antenna  over  tlie  electrically  dc-nso  half-space, 
repion  4.  It  is  reasonable  to  assume  that  the  same  is  true  for  the  coupled 
antennas.  Hence,  the  values  + inf'”''  and  with  m = 0.  1 ar^ 
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calculated  from  (12)  and  (14)  for  substitution  in  (32).  It  follows  that  the 

theoretical  normalized  distribution  o*"  current  is  completely  determined  ex- 

(m)  C^) 

cept  for  tlie  unknown  values  of  0^'  - o ^ ' - ik^''.  Unfortunately,  no  method 


has  yet  been  developed  for  deterninine  these  theoretically.  Accordinrlv, 
they  are  evaluated  witli  a curve-flttinp,  technique  based  on  the  method  of 
least-square  errors  from  experimentally  and  theoretically  obtained  current 
distributions.  This  is  discussed  followinp  a brief  description  of  the  meas- 
urement of  current  distributions. 

6.  nESCRiPTioM  OF  THE  exi>erime::t 

Current  distributions  were  measured  on  coupled  antennas  placed  over  a 
larpe  indoor  water  tanl..  A sketch  of  th.e  experimental  facility  is  shown  in 
Fip.  5;  Fip.  6 shows  the  block  diapram  of  the  setup.  The  antennas  are  made 
of  brass  tuhinp  with  3 mm  outside  diameter.  The  current  probe  travels  alone 
one  of  the  antennas  and  the  sipnal  is  led  throupb.  a coaxial  cable  inr.ide  the 
brass  tube.  Roth  antennas  are  one  ncter  lone  when  operated  with  open  ends. 
With  terminated  ends,  each,  load  consists  cf  a resistor  (\.’ith  d.c.  resistances 
of  220,  270  and.  330  ohms,  respectively,  for  heiphts  d/\^  = 0.023,  0.(1775  and 
0.13)  and  a quartrr-wavelenpth  section  of  brass  tnhinp. 

Salt  was  mixed  with  the  water  in  the  tank,  to  vield  a conductivitv  of 
o - 0.09  Si/n,  which  was  later  increased  to  a = 4.2  Si/;.i  for  a second  set  of 
measurements.  The  relative  permittivity  of  the  solution  was  = 81.  Tliree 
values  of  d,  the  heipht  of  each  antenna  above  the  surface  o.'  the  water,  VvOre 
used  in  the  experiment,  namelv,  0.025,  0.0775  and  0.13  m.  The  distance  L he- 
tween  the  two  ant('nnas  was  varied  to  include  the  foilowinp  six  values:  0.23, 
0.30,  0.40,  0.50,  0.66  m,  and  infinity  (sinple  antenna).  Details  of  the  con- 
struction of  the  pround  plane,  the  water  tank,  and  discussions  of  their 
perii.!cntal  characteristics  are  piven  elsewhere  [ Sorbel  Ic. , 1976]. 

Tlie  experiment  was  carried  out  at  f = 300  'Tx.  The  wave  iiumhor  corre- 

spondinp  to  the  mirtture  with  a = 0.09  Sl/m  is  1;^  = (56.55  + il.RR)  m and 

-1 

that  correspondinp  to  o = 4.2  Si/m  is  = (82.61  160.22)  m . In  compari- 

son, the  wave  number  in  air  is  = 6.28  m 

In  order  to  drive  the  L\.'o  coupled  antennas  in  the  zero -phase  sequenct  , 
tlie  applied  volta>'U5  must  ho  equal  in  marnitude  ant'  In  ph.ase,  l.c.,  ■=  V.,. 

4 3 


FIG.6  BLOCK  DIAGRAM  OF  MEASURING  CIRCUIT 


For  the  first-phase  sequence  the  two  voltapes  nust  be  equal  in  napnitude  and 
180®  out  of  phase,  l.e.,  = ~^2'  ad-justnents  for  the  first-phase  se- 

quence were  made  witli  the  help  of  a monitor  (moncpole  probe)  midway  between 
the  two  antennas  as  shown  in  >'lp.  6.  The  relative  amplitudes  and  phases  of 
the  voltages  applied  to  the  two  antennas  were  varied  until  a null  or  deep 
minimum  signal  was  observed  in  the  output  of  the  monitor.  The  adjustment  for 
the  zero-phase  sequence  Involved  first  the  adjustment  for  the  first-phase  se- 
quence followed  by  the  insertion  of  a 50  cm  (i.e.,  a half-wavelength)  long 
section  of  air  line  in  the  feed  line  of  one  of  the  antennas  to  shift  its 
phase  by  180°.  The  adjustment  was  checked  with  a small  loop  substituted  for 
the  monopole  as  the  monitor.  A null  or  deep  minimum  signal  from  the  loop  in- 
dicated that  both  antennas  were  driven  in  phase. 

A total  of  100  sets  of  current  distributions  were  measured  with  a small 
loop  moved  along  a slot  in  the  antenna.  Tlie  amplitude  and  pliase  of  the  cur- 
rent were  recorded  for  each  point.  Typical  measured  distributions  for  two 
identical  parallel  antennas  with  open  ends  are  shown  by  the  successions  of 
points  in  Fig.  7.  For  this  particular  set  of  data,  the  antennas  were  sepa- 
rated by  the  distance  h = 0.3X.,  and  were  each  at  the  height  d = 0.0775X.J 

above  salt  water  with  a,  = A. 2 Si/m  and  c,  = 81.  The  small  circles  in  Fig. 

A Ar 

7 are  the  measured  points  for  the  zero-phase  sequence,  the  crosses  for  the 
first-phase  sequence.  Also  stiown  in  solid  dots  is  the  current  distribution 
for  infinite  separation,  i.e.,  for  one  antenna  alone. 

7.  EVALUATION  OF  TEIU'INAL  FUNCTIONS;  COMPARISON  OF  THEORY  AND  F.XPERIMENT 

The  theoretical  formula  (32)  for  current  applies  directly  to  a monopole 

when  the  factor  2 in  the  denominator  is  deleted.  As  already  stated,  all 

quantities  for  the  currents  in  the  antennas  for  the  two  phase  sequences  are 

(m) 

known  except  the  complex  terminal  functions  , m = 0,  1,  for  which  no 

analytically  derived  formulas  are  available.  Accordingly,  they  liave  been 
determined  to  provide  the  best  agreement  between  current  distributions  cal- 
culated from  (32)  and  the  correspondln g measured  ones  of  which  those  in  Fig. 

7 are  an  example.  This  is  accomplished  by  normalizing  the  amplitude  of  the 
tb.eoretical  current  to  coincide  with  the  experimental  data  at  z = D.25X.  or 

f "S  ^ 

z - 0.75X-  - wliichever  vields  better  results  - and  then  varving  G ' (or, 

' (m) 

equivalently,  the  complex  reflection  coefficient  ) to  establish  a fit 

Aft 


between  the  theory  and  the  experinontal  data  in  ti.e  sense  of  least-square 
errors.  The  details  of  this  proceihire  arc  outlined  in  tlie  Appendix.  In  ef- 
feet,  it  yields  measured  values  of  or  '5^ ' which  can  then  bo  suhstituteh 

In  the  theoretical  formula.  Typical  distributions  of  current  obtained  in  tliis 
manner  are  shown  In  Flp.  7 where  the  tb.eoretlcal  dotted  curves  iiave  been 
matched  to  the  measured  points  shown  by  small  circles  for  the  zero-phase  se- 
quence and  the  theoretical  dashed  curves  have  been  matched  to  the  measured 
points  showi  by  crosses  for  the  first-phase  sequence.  Both  sets  of  curves 
are  for  distances  between  the  antennas  of  h = O.IX^.  The  solid  line  curves 
also  shovm  in  Fip.  7 have  been  fitted  to  the  measured  dots  for  tt;e  sinele  an- 
tenna correspondinp  to  infinite  separation.  All  praphs  in  Fip.  7 apply  to 

antenna  heiphts  of  d = 0.0775X.,.  Similarly  pood  apreement  between  the  thecr- 

(m) 

etical  currents  with  measured  0 and  measured  currents  have  beet,  obtained 

s 

for  other  heiphts  and  distances  between  the  coupled  antennas.  The  results 
arc  summarized  in  tlie  praphs  of  Fips.  8 and  ^ wliich  she.)  the  meas.ired  values 
of  ^ ^ function  of  L/X^  for  coupled  antennas  '..ith  open 

ends  over  l;il;e  ;uid  so;i  w.itcr.  h'hen  these  valuer,  are  substituted  in  (37), 
theoret ic.'il  curter.ts  in  pood  aprcc'-.c-r. t with  r. ensured  v.-’lues  are  obt  ained,  for 
antennas  ever  water  t.’lfli  ronductivltie.s  of  co  p;- /p,  /,_2  Si/r,  The 

former  is  onlv  slii’iitl^'  more  cond'ict ’•  u'’  tiwan  manv  l.ahes,  the  latter  corre- 
sponds to  sea  t.’ater. 

fn)  (r)  '•  ) 

A further  checl.  on  the  least-square  <'ctorm  ir.,,  t ii.n  o*'  ” ' - i ' ' 

s s 

m 0 , 1,  is  obtained  in  it.s  .unpl  1 cat  ion  to  term  i".,-ited  anten.'.as.  h'irl:  terr-.i 

nations  consistinp  of  a suitahlv  c'inser.  lumped  resistor  to  f>!'Lain  an  optirvim 

match  in  series  t.-ith  a qnarter-''r.ve  extension  of  tin;  iiorizontal-’..’iru  antenna, 

essctitially  1 1 aval  inp-;  ave  distri 'uti'^ns  of  currmt  can  be  ac’iicved  ’..it:'  'ur- 

rents  decreasinp  only  sliphtly  in  amplitude  ov^r  the  entire  leni't!;  of  the  .lu- 

tenna  from  t)ic  driving  point  to  the  re.sjstor  and  a lir.e.ar  r:-..ar:'-e  in  . . 

(An  ex.ar.ple  is  sho'.'n  in  Fi;-.  7 of  [Borhello  ct  , l'>77l.)  7:.,  or . t ic.-.l  1 v , 

a perfectlv  terminated  ant.uina  is  characterlp.Of’  hv  o = I'ith  both  7 - 

s s 

R - iX  and  7.  = R (1  I-  i.^  ) complex,  the  eeneral  forr.ul.is  relating  and 

s s c c c s 

7 with  p and  are  involved,  Thev  are  pivon  hv  [hinr,  T^f'51: 
css  ■ ' 


R - 4>  X 
s c r 

R^(l  + ip 


sinh  2p 


cosh  2,- 


PHASE  AND  ATTENUATION  FUNCTIONS  AND  Pj  CALCULATED 
FROM  MEASURED  CURRENTS  WITH  LEAST-SQUARES  METHOD 


FIG.9  PHASE  CONSTANT  <5s  AND  SWR  = tonh'Vs  CALCULATED 
FROM  MEASURED  CURRENTS  BY  LEAST  SQUARES 
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- I I i:j!Ie:  i 


X + f i; 
s c ;•■ 

V.  (1  + ;•  ') 
c c 


- sin 

conii  2n  - co;i  2 ■> 


For  tilt-  c.iiif  at  linnd  involvin'’  couplr-cl  .■/ntcnnnr  rri’ion  2 ;iir,  (14) 

pivfs  for  Llic  phnsc-poqnence  clinmctor  i st  ir  Iri'-onniicc 

7/"'^  = (;;pp[™^/2TT)  [£n(2tl/n)  + (-l)'^(l /2)  f n(]  4d Vl/^  ] [ 1 -r 


c c 


r « 0.  1 


where  r = 120ti  ohnt..  2f"^  - , and  =-  n,  C,  I.  re-  riven 

In  Firs.  2 and  4 for  lal.e  and  sea  v-’.ter.  Tt  Is  seen  tliat  f = a'’^’  ,'c '■^' < < 1 
so  that  7^"^  ^ 


he  r .-th'-rat  i' il  linitiii'’  value  of  i t;ron 


For  a nreJor.inantlv  resistive  t cni’.nat  i on  in  either  phase  reqvier.cc  ’..'ith 

K >>  iX  I , (!j4)  and  (35)  red-ice  to  r,  = F /l:  , = X 'F  = 0.  It  foilin-s 

s 1 s r ’ 1 f;  c 

fron  i35)  that  f . = v/2  or  and  (3'<)  rt  ,'iir..- ; i c r ' t -.nh  n , * = ■’/2;  r,  = 

^ 1 vS  * 1 

coth  r , * * ^!cncc,  as  -►  and  r,  •*•  ^ ^rrr  ! clo*.,  * ® t /2:  as  r -►  •*> 

^ ^ s J » <5  ' 55 

and  r.  -*  1 r ron  abov**',  > » r rtb«*r.'U  i<' ij  linicinf*  value  of  t v.ron 

J s s 

p = '■-  is  3"//,. 
s 

Since  o ^ canir^Ol  /U  ),  h < R , and  n * roth~bl’  /F  ) , P > R , p 
s s c s c’  s s c s c’  s 

inert  afes  -/erv  r.teenlv  as  F r.;'proarl-.f>.,  P . ’’ericr , a roro  ''onvenien t mianti— 

s ‘ r ’ 

ty  for  cornarison  t.-itii  re,,.niri'!-ent  is  the  str.n,‘inn-v;avc-  ratio  which  is  de- 
f Ined  1)V 


Sh'C  “ cotli  Pj,  “ 


V /i'  ■>  1 , P = a 

s r - s 


P /I:  >1.  1-  = it/2 

c.  s - * s 


I'hen  i,  ^ is  laryc,  the  '".'’I?  is  close  to  nnitv.  In  l ie,  F,  arc-  si.oiai  ideal  theo- 

jftical  t-ranh;-,  of  f = •;  and  -/2  -.-ith  o = c"  or  SV.'F  = 1.  h'ith  then  are 
s s 

plotted  the  neasnred  values  of  *.  rtiul  the  S'.’K  ps  ohtain-d  fron  n for  both 

s 

laht-  and  sea  t.ntei  v.-itli  d/;^  = 0.0775  and  It  it:  seen  tli;;t  tlie  condi- 

tion of  ri.'tch  is  vt-ry  well  n r f ; rr.  id . N'oeo  that  for  tlic  heic-ht  d/)^  “ 0.13, 

> it„  so  th.ic  7,  ='■  ; on  the  ether  !-and  for  d/>.,  - 0.0’75  P < R so  tliat 

o C S ■ * S C 

’s  iiit'se  rt-snlt'.'  indicate  t>  at  th”  tt-ri-in,.l  ions  v.-.o  -pr  edoniiiant  Iv 

rcitisilve  and  well  -lel'cied.  to  (d-rain  t rive]  ine-wnve  di  s tr  i '-ait  j ens  of  current. 


8.  craCU'SION 


Tiic  theory  of  the  hori::ontnl-’-'ire  nnteiina  over  an  electrical  Iv  denne 
half-iii'ace  is  extended  to  parallel  coupled  antennas.  The  distributions  of 
current  have  the  sinple  transi.’issic'n- 1 inc  f om  v;irh  different  corplex  wave 
nur.ibers  and  characteristic  irpedances  for  the  syr.net  rical  Iv  and  ant  isyr.r-et  ri - 
cally  driven  antennas.  Currents  with  arbitrary  driving  voltapes  can  be  oi - 
tained  by  superposition. 

The  simple  transmission-line  form  for  tlie  currents  in  coupled  horir.on- 
tal-v/ire  antennas  with  open  cr.cis  in  air  over  a dissipative  or  dielectric 
half-space  is  peneralined  by  the  addition  of  a terninatinp  impedance  2^  that 
takes  approximate  account  of  radiation  into  tlie  air  and  simultaneously  pro- 
vides the  capacitive  end-correction  at  the  open  end.  The  terminatinr  imped- 
ance, exj'ressed  in  terms  of  the  terminal  function  0 = p - it  , is  deter- 

s s s 

mined  by  fitting  measured  currents  to  the  theoretical  ones.  In  addition  to 
evaluating  the  terminal  ftinctions,  the  form  of  the  theory  is  confirmed  by  tlie 
good  agreement  between  theoretical  and  measured  currents  for  open-ended  an- 
tennas and  the  good  agreement  between  theory  and  experiment  in  the  terminal 
functions  for  traveling-wave  antennas. 


9.  ArPI.N’DIX 

In  tUi*;  Appendix  the  application  of  the  least-square-error  method  is 
described. 

Let  7.  denote  the  position  of  the  probe  with  reference  to  the  driving, 
point  and  A^  denote  the  amplitude  of  the  current  measured  at  The  theo- 

retical current  is  pivon  by 


IB  z -<t  z -iP  z a z 

I(z)  •=  1q(p  " e - Re  e ' ) 


(Al) 


i2k^h 

where  R = P e and  P,  + in,  ; P is  the  com.plex  reflection  coeffi- 

s L 1.  1.  s 

cient  at  z = h.  The  value  of  is  knov,Ti  thcoroticallv.  The  absolute  value 
of  I(z)  is 


|l(z)|  = |l  |e  |l  - Pe  ^ 


-i2P,z  Pci.z 


(A2) 


Matching  |l(z)|  with  A at  n = n.  where  z = z.  pives 


0 


'0 


I c I 1 - Re  e I ^ 


"0 


(A3) 


Thus , 


;t  1 “do.  ,,  2 Vo,-* 

■=  e A 1 1 - Re  e 

0 "0 


(A4) 


or 


1 1(7-)  I 


I,  , "V| 

2 1 1 .->0 C I 

— z 2<^z 

ll-Re 


‘0 


(A5) 


The  mean-square-error  between  the  theory  and  the  experimental  data  is 
N 

I 

n=l 


E-i  I (|IU„)|  -A„)  = 


(A6) 


-2a^  h 

where  | I (^^) | is  Riven  by  (A5).  P.v  varvlnp,  1r|  from  0 to  e ' and  the  phase 


.3 


of  R from  0 to  2n,  the  value  of  R correspondlnr  to  tlie  minimum  m.cai'.-r;c;uare- 
crror  is  obtained.  Tlie  complex  teririinal  function  0^  is  calculated  from  R 
usinp  the  followinp,  equation: 

0 “ -((l/2)in  R - ih,h]  = -d/2)?.n  T (A7) 

6 S 
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B.  Measured  Currents  on  Two  Coupled  Collinear  Beverage  Antennas 

Two  Beverage  antennas  were  arranged  in  a collinear  configuration  as 
shown  in  Fig.  1.  The  monopole  was  1.0  m long  to  the  terminating  resistor 
and  extended  a quarter  wavelength  heyond  this.  The  collinear,  asymmetrical 
dipole  was  terminated  with  a resistor  a quarter  wavelength  from  each  end. 

Tlie  forward  arm  of  the  dipole  was  one  meter  long  to  the  resistor  and  ex- 
tended beyond  it  a quarter  wavelength;  the  backward  arm  consisted  of  the  re- 
sistor and  a section  beyond  it  a quarter  wavelength  long.  The  height  d of 
the  antennas  above  the  surface  of  the  water  was  fixed  at  either  13  cm  or  2.5 
cm.  The  three  resistors  used  to  terminate  the  antennas  were  each  330  tl  for 
d = 13  cm  and  each  220  for  d = 2.5  cm.  The  separation  g between  the  adja- 
cent ends  of  the  antennas  was  set  at  approximately  either  1.5  cm  or  18  cm. 

Tlie  conductivity  of  the  solution  was  measured  to  be  0.09  Si/m  for  the  first 
set  of  measurements,  and  was  later  changed  to  4.2  Sl/m  for  a second  set. 

Since  the  input  Impedance  of  the  terminated  monopole  is  approximately 
half  tliat  of  the  terminated  asymmetrical  dipole,  it  was  necessary  to  intro- 
duce a 6 dB  attenuator  into  the  feed! ire  of  the  monopole  in  order  to  main- 
tain the  same  current  amplitudes  in  the  two  collinear  antennas.  A phase 
slilfter  was  used  to  adjtist  the  relative  phases  of  the  two  driving  voltages. 

A symmetrical  excitation  with  both  antennas  driven  in  phase  with  currents  of 
equal  amplitude  wf  obtained  with  a 50  cm  air-filled  coaxial  line  Inserted 
in  one  of  the  feedlines.  Removal  of  this  50  cm  line  yielded  ancisymmetrical 
excitation  with  the  two  currents  equal  in  amplitude  but  180“  out  of  pliase. 

The  feedline  for  the  dipole  was  completely  submerged  in  the  water  tank 
to  reduce  interference  with  the  antennas.  Because  of  the  attenuation  ex- 
perienced by  fields  in  the  water  solution,  no  detectable  change  in  the  cur- 
rent distributions  could  he  observed  when  the  submerged  cable  was  moved  from 
one  position  to  another. 

Results  of  the  measurements  are  summarized  in  Tables  1 through  5.  It 
is  seen  that  a coupling  effect  is  in  general  negligible.  The  greatest  effect 
was  observed  when  the  antennas  were  quite  high  above  the  lossy  medium  (d  = 
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O.lHXj^)  witli  tlit’ir  adjacent  ends  separated  from  eacli  otlier  by  a small  pap 
(p,  = and  v.’hen  tlie  medium  had  hlph  conductivity  (o  = A. 2 Si/m).  I'ven 

in  this  case  (Table  4)  the  mutual  interaction  caused  a chanpe  of  no  more 
th.m  10°  in  the  phase  and  no  more  than  1 dR  in  the  amplitude  of  the  current 
at  a few  points  alonp  the  antenna  as  compared  to  the  current  on  a sinple, 
isolated  Reverape  antenna.  Tlie  coupling  decreased  as  the  pap  p was  increased, 
as  the  lieiplit  d I'as  decreased,  and  as  the  conductivity  a of  the  water  was  re- 
duced . 

In  general,  the  currents  on  driven  Beverage  antennas  in  the  collinear 
position  are  largely  independent  and  like  those  on  the  same  element  when  iso- 
lated. 


TABLE  1 


CURRENT  ON  MONOPOLE  IN  COLLINEAR  ARRAY  OF  TWO  BFVERACE  ANTENNAS 

(Amplitude /Phase) 

d = 2.5  cm  , p “ 1.2  cm  , o = 0.09  Si/m 


z 

Symmetrical 

Excitation 

Single 

Monopole 

Anti-Symmetri 

Excitation 

.10 

5.5/38" 

5.5/37" 

5.6/39" 

.15 

5.5/18“ 

5.7/16" 

5.6/20" 

.20 

5.5/-1" 

5.S/-3" 

5.5/1" 

.25 

5.5/-19" 

5.5/-21" 

5.5/-16" 

.30 

5.4Z-36" 

5.5/-39" 

5.3Z-33" 

.35 

5.2Z-52" 

5.3/-S8" 

5.1/-51" 

.40 

4.9/-71" 

5.0/-74" 

4.8/-70" 

.45 

4.6/-91" 

4.7Z-94" 

4.5/-90" 

.50 

4.4/-112" 

4.5/-117" 

4.3/-111" 

.55 

4.3/-133" 

4.5/-137" 

4.3/-131* 

.60 

4.3/-153" 

4.5/-157" 

4.3/-151" 

.65 

4.4/-172" 

4.6/-174" 

4.3/-169" 

.70 

4.4/172" 

4.7/170" 

4.3/174“ 

.75 

4.4/157" 

4.6/155" 

4.3/158" 

.80 

4.2/140" 

4.3/139" 

4.0/142" 

.85 

3.9/123" 

3.8/121" 

3.7/123" 

.90 

3.7/104" 

3.6/103" 

3.5/103" 

r 


TABLE  2 


CURRENT  ON 

MONOPOLE  IN 

COLLINEAR  ARRAY  OF 

TWO  BFVERAOE  ANTENNAS 

(Amplitude /Phase) 

d = 13  CTT 

, p “ 1.5  cm  , 0 = 

0.09  Sl/m 

z 

Symmetrical 

Excitation 

Single 

Monopole 

Anti-Syinmetrical 

Excitation 

.10 

5.1/29” 

5.5/33” 

5.7/37” 

.15 

5. A/6. 5“ 

5.5/13” 

5.7/18” 

.20 

5.6/-13” 

5.5Z-6” 

5.5/0” 

.25 

5.9Z-29” 

5.6Z-22” 

5.5/-18” 

.30 

6.0/-4A” 

5.5Z-39” 

5.3Z-36” 

.35 

6.0/-58” 

5.3Z-57” 

5.1/-55” 

.AO 

5.5/-7A” 

5.1/-75” 

5.0/-75” 

.45 

5.1/-92” 

A.9/-95” 

5.0/-95” 

.50 

A.6/-113” 

4.8/-116” 

4.9/-116” 

.55 

A.6/-135” 

4.9/-135” 

5.2/-134” 

.60 

A.6/-158” 

5.0/-155” 

5.2/-151” 

.65 

4.9/-178” 

5.1/-172” 

5.3/-167” 

.70 

5.2/165” 

5.3/172” 

5.2/178” 

.75 

5.5/151” 

5.3/156* 

5.2/162” 

.80 

5.5/137” 

5.1/140” 

4.9/144” 

.85 

5.3/123” 

4.9/122” 

4.6/127” 

.90 

5.0/107” 

4.7/104” 

4.4/106” 
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TABLE  3 

CURRENT  ON  MONOPOLE  IN  COLLINEAR  ARRAY  OF  TWO  BEVERAGE  ANTENNAS 

(Amplitude /Phase) 

d “ 13  cm  , g = 18  cm  , o = 0.09  Sl/m 


z 

Symmetrical 

Excitation 

Single 

Monopole 

Anti-Symmetrical 

Excitation 

.10 

5.4/34* 

5.5/33* 

5.5/34* 

.15 

5.5/13* 

5.5/13* 

5.5/14* 

.20 

5.4/-7* 

5.5/-6* 

5.6/-5* 

.25 

5.6/-24° 

5.6/-22* 

5.6/-22* 

.30 

5.6/-41* 

5.5/-39* 

5.5/-39* 

.35 

5.5/-58* 

5.3/-57* 

5.4/-56* 

.40 

5.4/-75* 

5.1/-75* 

5.2/-74* 

.45 

5.2/-93“ 

4.9/-95° 

5.0/-94* 

.50 

4.9/-113* 

4.8/-116* 

4.9/-115* 

.55 

5.0/-133* 

4.9/-135* 

5.1/-135* 

.60 

4.9/-152" 

5.0/-155* 

5.2/-154* 

.65 

5.0/-171* 

5.1/-172* 

5.3/-171* 

.70 

5.2/172* 

5.3/172* 

5.4/173* 

.75 

5.4/155° 

5.3/156° 

5.5/158* 

• 

00 

o 

5.2/140* 

5.1/140* 

5.4/141* 

m 

00 

5.0/123* 

4.9/122° 

5.0/125* 

.90 

4.7/105* 

4.7/104° 

4.8/106* 
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TABLE  A 


CURRENT  ON  MONOPOLE  IN  COLLINEAR  ARRAY  OF  TWO  BEVERAGE  ANTENNAS 

(Amplitude /Phase) 

d “ 13  cm  , R - 1.0  cm  , a “ A. 2 Sl/m 


z 

Symmetrical 

Excitation 

Single 

Monopole 

Anti-Symmetrical 

Excitation 

.10 

6.6/7“ 

7.3/12“ 

7.6/15“ 

.15 

6.9/-16* 

7.5/-8“ 

7.6/-A“ 

.20 

7.3/-36“ 

7.A/-26“ 

7.A/-21“ 

.25 

7.8/-52“ 

7.A/-A3“ 

7.2/-38“ 

.30 

8.0/-67“ 

7.2/-61“ 

7.0/-57“ 

.35 

7.9/-81“ 

7.1/-78“ 

6.8/-76“ 

.AO 

7.5/-96“ 

6.9/-97“ 

6.7/-97“ 

.A5 

6.9/-llA“ 

6.7/-117“ 

6.7/-117“ 

.50 

6.3/-13A* 

6.6/-137“ 

6.9/-136“ 

.55 

6.2/-156* 

6.8/-155“ 

7.3/-155“ 

.60 

6.2/-179' 

6.9/-17A“ 

7.A/-171“ 

.65 

6.5/160“ 

7.0/169“ 

7.3/172“ 

.70 

6.9/lA3“ 

7.0/152“ 

7.2/158“ 

.75 

7.A/128“ 

7.1/135“ 

7.1/1A1“ 

.80 

7.3/113“ 

6.8/118“ 

6.6/123“ 

.85 

7.0/98“ 

6.5/101“ 

6.2/103“ 

.90 

6.6/82“ 

6.3/82“ 

6.0/81“ 

61 


TABLE  5 


CURRENT  ON  MONOPOLE  IN  COLLINEAR  ARRAY  OF  TWO  BEVERAGE  ANTENNAS 

(Amplitude/Phase) 

d « 13  cm  , g ” 17  cm  , 0 “ 4.2  Si/m 


z 

Symmetrical 

Excitation 

Single 

Monopole 

An t 1- Symme t r i 
Excitation 

.10 

6.9/13” 

7.3/12” 

7.4/12” 

.15 

6.9/-11” 

7.5Z-8” 

7.6Z-9” 

.20 

6.9/-28” 

7.4/-26” 

7.6Z-27” 

.25 

7.1/-46” 

7.4/-43” 

7.7Z-44” 

.30 

7.1/-62” 

7.2/-61” 

7.6/-61” 

.35 

7.0/-80” 

7.1/-78” 

7.4Z-79” 

.40 

6.8/-97” 

6.9Z-97” 

7.1/-98” 

.45 

6.6/-115” 

6.7/-117” 

7.0/-118” 

.50 

6.3/-135" 

6.6/-137” 

7.0/-137” 

.55 

6.4/-155” 

6.8/-155° 

7.3/-157” 

.60 

6.4/-175” 

6.9/-174” 

7.4/-175" 

.65 

6.4/166” 

7.0/169” 

7.5/168” 

.70 

6.6/149” 

7.0/152” 

7.5/152” 

.75 

6.9/132” 

7.1/135” 

7.7/136” 

.80 

6.8/115” 

6.8/118” 

7.3/119” 

.85 

6.6/99” 

6.5/101” 

6.8/101” 

.90 

6.3/80” 

6.3/82” 

6.5/82” 
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